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Intxoduction

The purpose of this study is to determine the role that two modulators of
microtubule dynamics, mitotic centromere-associated kinesin (MCAK) (1) and
opl8/stathmin (stathmin) (2), play in the development of cancer.
Alterations in the levels of these modulators of microtubule dynamics can
lead to aneuploidy (chromosome gain or loss) and also to changes in the
metastatic potential of cancer cells. Specifically, we plan to correlate
elevated levels or decreased levels of MCAK or Stathmin with
immortalization, aneuploidy and proliferative potential. Specifically, we
plan to correlate elevated levels or decreased levels of MCAK or Stathmin
with immortalization, aneuploidy and proliferative potential. Previously,
the most potent anti-cancer drugs have targeted microtubule polymer
dynamics making the regulation of microtubule polymer 1levels by
depolymerizing proteins such as MCAK and stathmin a key focal point in the
development and treatment of cancer (3, 4). Most of the key research
accomplishments for the full support period are now published and are
included as appendix material. For this reason, a detailed description of
new research accomplishments is provided below for the period of Jualy 1.,
2003 to June 30, 2004 with reference to the influence of these data on the
direction of the entire project.

Research Accomplishments
Two unexpected and key discoveries altered the direction of the project:

(1) In the second year of funding we determined that MCAK is regulated
by Aurora B kinase. Aurora B kinase is upregulated in many cancers
and is a key second messenger in the regulation of cell division
and microtubule dynamics (5-7). This was published in the highly
respected journal, Developmental Cell ((8) also see Appendix) and
is the subject of speculative a review due to its importance in the
field (9). Furthermore, in the third year of funding we have
determined that MCAK interacts with the tips of microtubules in a
phosphorylation dependent manner. The promising anti-cancer drug,
Roscovitine, increases this interaction by promoting the
interaction of MCAK with tubulin dimers (see appendix). This would
stimulate the tubulin autoregulatory system in cells in a manner
similar to the effects of the anticancer drug paclitaxel. Hence,
kinase inhibitors may be a potent combination therapy to use with
paclitaxel-based chemotherapies.

In the third year of funding we discovered another class of
microtubule depolymerizing kinesins (Kif2A) is present in dividing
cells and involved in regulating microtubule polymer levels and
mitotic spindle assembly. Kif2A was previously thought to be
predominantly neuronal. It turns out that two isoforms of Kif2A
exist: Kif2Aa, which is present in neuronal tissue; Kif2Ab, which
is present in dividing tissue (10). We determined that Kif2Ab was
indeed present in CHO and HeLa cells in our lab. Simultaneously,
another group reported the interplay between MCAK and Kif2A in
mammalian cells(l11). We have determined that the regulation of

4




Kif2A and MCAK, and the interaction with tubulin dimers 1is
distinctly different (see appendix) despite both being regulated by
Aurora kinases. In the case of Kif2A, its centrosomal localization
puts it under the control of Aurora A, a key player in cancer
progression (12, 13). The discovery that MCAK and Kif2A cooperate
to regulate microtubule polymer is a key discovery because if anti-
cancer reagents could be developed that distinguish between Kif2Aa
and Kif2Ab, then proliferative tissue could be selectively targeted
without the problem of peripheral neurcopathies that limit present
chemotheraputic regimes.

Research on these key points prevented us from following up on stathmin
regulation and also on model breast cancer cell lines to the extent that
we planned in our original proposal. However, 1in total, we have
established a more promising research foundation on the role of MCAK in
cancer progression by establishing a solid link between the MCAK family of
microtubule depolymerizing kinases and the Aurora family of kinases. This
provides us with a foundation from which to establish a model system for
the effects of microtubule dynamics regulators and transformation.

Work during the course of the grant is briefly summarized here, details
are present in the papers and manuscripts provided in the Appendix.

We established that MCAK is a highly potent depolymerizer of microtubules
and 1its substrate, unlike other kinesins, is the end of the
microtubule(14). Also supplied in Appendix. We determined that a domain of
MCAK (“neck”) outside of the motor domain is essential for depolymerizing
activity (15, 16). This is provided in the Appendix. The neck domain is

phosphorylated by

Figure 1: A CHO cell Au;ora B kingse
labeled for endogenous which- regulates its
MCAK (red) and Kif2AB et et | and
(green) . DNA is shown in locallgatlon (8) .
blue. MCAK is associated Appendlg of paper
with the plus ends of is provided. The C-
microtubules at the terminus of MCAK
centromere whereas Kif2AB regulates the
is primarily associated association of MCAK
with the centrosome at the With microtubule
minus ends of the lattice. Lattice
microtubules and along the @association, which

microtubule lattice. is also seen in the
presence of

paclitaxel, may be

another method to
regulate MCAK’s activity in cells (17). Paper provided in Appendix. MCAK
and a related microtubule depolymerizing kinesin, Kif2Ab, cooperate to
assemble mitotic spindles and segregate chromosomes. Cooperation is
achieved by the respective localization of the two kinesins at either end
of the chromosome. MCAK is associated with the centromere which Kif2Ab is
associated with the centrosome and spindle poles (Figure 1). MCAK but not
Kif2 or stathmin is part of the tip complex of polymerizing microtubules.
The association of MCAK with tips is dependent on Aurora B phoshorylation
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"+ and* is promoted by the kinase inhibitor Roscovitine. Manuscript to be
submitted to JCB 9/2004 is provided in the Appendix. We have shown, in
collaboration with Les Wilson (UCSB) that MCAK promotes catastrophes
(rapid episodes of microtubule depolymerization) in unstabilized (live)
human microtubules (18). The paper also illustrates that MCAK has tubulin
sequestration activity. This study is provided in the Appendix. Finally,
we have determined that kinase and phosphatase regulation of MCAK at the
centromere controls chromosome movement and error correction during cell
division. To be presented at the Aneuploidy 2004 Meeting in Cortona,
Italy, Sept. 17-22, 2004. Abstract is included.



Key Research Accomplishments for the entire support period:

* Identification of feedback regulation between MCAK and Opl8/stathmin.
This suggests that the transformation potential of MCAK and
Opl8/stathmin are undoubtedly linked.

* Identification of feedback regulation between MCAK and tubulin. This
supports our hypothesis in Statement of Work (III) that the tubulin
autoregulatory system responds to changes in the levels of MCAK
protein and therefore, must, be considered in evaluating the
transformation potential of MCAK.

* Demonstration that MCAK is capable of depolymerizing paclitaxel-
stabilized microtubules in cells. This suggests that elevated levels
of MCAK protein could antagonize certain anti-cancer drugs which
target microtubules. ‘

* Development of a method for consistent quantitation of microtubule-
depolymerizing activity at the level of the light microscope.

®* Design of a biomolecular screen which will identify cancer-related
genes which respond to changes in MCAK and Opl8/stathmin protein
levels.

* Determination that the electrostatic potential of the neck of MCAK is
essential for depolymerization activity. These data serve as the
basis for the inactivation of MCAK by kinases and the reactivation by
phosphatase activity. Published in the Journal of Cell Biology and
cited by Faculty of 1000. Reprint included (Ovechkina et al.).

®* Modulation of MCAK activity by RNAi.

®* Preparation of cell line for a biomolecular screen which will
identify cancer-related genes that respond to changes in MCAK and
Opl8/stathmin protein levels.

* Discovery that increased phosphatase activity results in a decrease
in microtubule polymer in interphase cells.

* MCAK increases the number of catastrophes in live human microtubules.
MCAK also affects overall microtubule polymer level in an ATP-
independent manner. Reprint included.

* Established that MCAK is a substrate of Aurora B kinase. Aurora
‘kinases are key players in the development of cancer. Reprint
included.

* Determination that MCAK is part of the microtubule tip tracking
complex and that phosphorylation of MCAK by Aurora B kinase prevents
the interaction of MCAK with microtubule tips. Neither stathmin or
Kif2Aa/p are part of this tip complex suggesting that global
regulation of microtubule dynamics in cells results from a
competition between MCAK and EBl1 with other depolymerizers playing a
minor role. Manuscript included.

* Determination that MCAK’s C-terminal tail interferes with lattice
ATPase activity and that this activity can enhance MCAK'’s
depolymerization potential. Reprint included.

* Identified that Aurora B regulation of MCAK activity at the
centromere affects chromosome movement and direction. Invited
Abstract included.




+ Reportable Outcomes for the entire Support period:

Abstract: American Association for Cell Biology Annual Meeting.
Regulation of Mitotic Centromere-associated Kinesin (MCAK). A. T.
Moore and L. Wordeman. Mol. Biol. Cell 2001. 12:437a.

Abstract: American Association for Cell Biology Annual Meeting. The
role of the neck domain in the microtubule depolymerization activity
of MCAK. Mol. Biol. Cell 2001 12:436a.

Presentation: Chromosome Segregation: the Role of Microtubule Motors.
L. Wordeman. Current Concepts in Oral Biology. University of
Washington School of Dentistry.

Abstract: Era of Hope Meeting: Regulation of Mitotic Centromere-
associated Kinesin (MCAK). A. T. Moore and L. Wordeman.

Abstract: American Association for Cell Biology Annual Meeting. K-
loop insertion restores microtubule depolymerizing activity of a
“neckless” MCAK mutant. Mol. Biol. Cell 2002 13:322a.
Presentation:Science in Medicine Lecture: Order from Chaos:
Microtubule dynamics and Chromosome Segregation.

Publication: K-loop insertion rescues depolymerizing activity of a
“neckless” MCAK mutant. 2002. Y. Ovechkina, M. Wagenbach and L.
Wordeman. J. Cell Biol. 159:557-562.

Publication: Unconventional Motoring: An overview of the Kin C and
Kin I kinesins. 2003. Traffic 4:367-375.

Publication: Wordeman, L. (2003) Breathing down the neck of UnclO4.
JCB, 163:693-695.

Abstract: American Association for Cell Biology Annual Meeting.
Aurora B regulates MCAK activity at the mitotic centromere. Andrews
et al. Mol. Biol. Cell 2003.

Abstract: American Association for Cell Biology Annual Meeting.
Mitotic centromere-associated kinesin (MCAK) dramatically increases
the catastrophe frequency of HeLa Cell microtubules. Newton et al.
Mol. Biol. €Cell 2003.

Abstract: American Association for Cell Biology Annual Meeting.
MCAK’s C-terminus inhibits its lattice stimulated ATPase activity.
Moore and Wordeman. Mol. Biol. Cell 2003.

Abstract: American Association for Cell Biology Annual Meeting.
Dosplaced MCAK activity opposes microtubule capture at the
kinetochore. Feinstein and Wordeman. Mol. Biol. Cell 2003.
Publication: Andrews et al, (2004) Aurora B regulates MCAK activity

at the mitotic centromere. Dev. Cell 6:253-268.

Publication: Newton et al. (2004) MCAK, a Kin I kinesin, increases

the catastrophe frequency of steady-state HelLa cell microtubules in

an ATP-dependent manner in vitro. FEBS Lett. 572:80-84.

Publication: Moore and Wordeman (2004)The Carboxyl-terminus of

Mitotic Centromere-associated kinesin (MCAK) inhibits its lattice
stimulated ATPase activity. Biochem. J. 2004: In press.

Publication: Moore and Wordeman (2004) The mechanism, dunction and
regulation of depolymerizing kinesins during mitosis. Trends in Cell
Biol. In press.

Invited Abstract: 6th International workshop on Chromosome

Segregation and Aneuploidy, Cortona, Italy. The Influence of Aurora
B-regulated MCAK on Oscillatory Chromosome Movement.




"+ Supported Personnel

Linda Wordeman, Principal Investigator
Ayana T. Moore, Research Assistant

Michael Wagenbach, Research Technologist III
Marla Feinstein, Research Assistant

Conclusions

We have developed the most detailed mechanistic model for MCAK and Kif2A
function in cells. Detailed mechanistic analyses are critical in order to
understand regulation, as our studies of the neck, which lead to a
mechanism for regulation by Aurora B, illustrate. Furthermore, our live
human microtubule and tip studies show that MCAK interacts with tubulin
dimers in a phosphorylation-dependent manner. In total this supports our
hypothesis for the DOD Idea grant that MCAK influences the tubulin
autoregulatory system, which by extension, has the potential to affect the
levels of other microtubule modulating proteins such as Kif2AB and
stathmin. While this is an impressive foundation for further studies we
have not realized our goal in developing a model cell culture system to
test the effects of changing the 1levels of these proteins on
transformation and tumor progression. Since the start of this funding
period, great technical advances have been made with respect to the ease
and cost of screening transcriptional and proteomic response to
alterations in cellular protein levels. If we can obtain further funding
we will continue this line of investigation using a proteomic approach.
MCAK levels are upregulated in both breast cancer (19) and prostate
cancers (SAGE analysis). We have access to normal and tumorigenic prostate
samples (coutesy of Tom Takayama, Dept. of Urology, University of
Washington School of Medicine) that we can assay for MCAK, Kif2AB and
Aurora B levels. In this way, we hope to extend these studies to precisely
define the clinically relevant link between MCAK family proteins, stathmin
and tumor progression.
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Appendix 1

K-loop insertion restores microtubule depolymerizing
activity of a “neckless” MCAK mutant

Yulia Ovechkina, Michael Wagenbach, and Linda Wordeman

Department of Physiology and Biophysics, University of Washington School of Medicine, Seattle, WA 98195

kinesin (MCAK) does not translocate along the surface

of microtubules (MTs), but instead depolymerizes
them. Among the motile kinesins, refinements that are
unique for specific cellular functions, such as directionality
and processivity, are under the control of a “neck” domain
adjacent to the ATP-hydrolyzing motor domain. Despite its
apparent lack of motility, MCAK also contains a neck domain.
We found that deletions and alanine substitutions of highly
conserved positively charged residues in the MCAK neck

l ,nlike most kinesins, mitotic centromere—associated

Introduction

Members of the kinesin superfamily transport cargo along
the surface of microtubules (MTs)* using the power of an
ATP-hydrolyzing motor domain (Goldstein and Philp,
1999; Woehlke and Schliwa, 2000). Mitotic centromere—
associated kinesin (MCAK) is a member of the Kin I subfamily
of kinesin-related proteins that shares high homology within
the motor domain with other members of the kinesin super-
family (Wordeman and Mitchison, 1995; Vale and Fletterick,
1997). However, although most kinesins translocate along
the surface of MTs, MCAK and its homologues depolymerize
MTs from either end (Walczak et al., 1996; Desai et al.,
1999; Hunter and Wordeman, 2000; Kinoshita et al., 2001;
Maney et al., 2001). Kinetic analysis suggests that processivity
and diffusional motility may contribute to MCAK’s rapid
rate of MT depolymerization (unpublished data). The novel
ability to modulate MT dynamics suggests that these kinesins
may be important contributors to cell cycle progression
(Zhai et al., 1996) and tumorgenesis (Lakshmi et al., 1993).

The direction of transport and the affinity for MTs are
molecular refinements that adapt motile kinesins for specific
cellular functions within the realm of intracellular transport,

Address correspondence to Linda Wordeman, Dept. of Physiology and
Biophysics, University of Washington, 1959 NE Pacific St., Box 357290,
Seattle, WA 98195-7290. Tel.: (206) 543-4135. Fax: (206) 685-0619.
E-mail: worde@u.washington.edu

*Abbreviations used in this paper: FL, full-length; MCAK, mitotic
centromere—associated kinesin; MT, microtubule.

Key words: Kin I; XKCM1; kinesins; processivity; diffusional motility
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domain significantly reduced MT depolymerization activity.
Furthermore, substitution of MCAK’s neck domain with either
the positively charged KIF1A K-loop or poly-lysine rescues
the loss of MT-depolymerizing activity observed in the
neckless MCAK mutant. We propose that the neck, analo-
gously to the K-loop, interacts electrostatically with the
tubulin COOH terminus to permit diffusional translocation
of MCAK along the surface of MTs. This weak-binding inter-
action may also play an important role in processivity of
MCAK-induced MT depolymerization.

cell division, and MT dynamics (Goldstein and Philp, 1999;
Wocehlke and Schliwa, 2000). The “neck” domain, a region
adjacent to the motor domain (head), is responsible for con-
ferring directionality and processivity to the core motor domain
(Case et al., 1997; Henningsen and Schliwa, 1997; Endow
and Waligora, 1998; Romberg et al., 1998). MCAK’s neck
domain is highly conserved within the Kin I subfamily, but
is very divergent from other kinesin-related proteins (Vale
and Fletterick, 1997; Maney et al., 2001). A truncated
MCAK protein, consisting of the neck domain (A182-D246)
plus the core motor domain (P247-E581), shows MT depoly-
merization activity similar to that of the full-length (FL)
MCAK (Maney et al., 2001). However, the neck itself does
not possess depolymerizing activity (Maney et al., 1998), nor
does it confer depolymerization activity to a motile kinesin
because a chimera consisting of the MCAK neck fused to the
motor domain of a conventional kinesin (KIFSB) exhibits
no MT depolymerization activity when expressed in cultured
cells (Maney et al., 2001). Finally, the neck domain is not
involved in dimerization because the A182-E581 fragment
of MCAK, which includes the neck, is a monomer (Maney
et al., 2001). What, then, is the role of the neck domain in
the MT depolymerization activity of MCAK?

The electrostatic interactions between a positively charged
neck domain and the negatively charged COOH terminus
of tubulin have been shown to be important for the processivity
of conventional kinesins. The addition of positive charges to
the neck of a conventional kinesin increases its processivity
by perhaps tethering the kinesin near the MT surface

The Journal of Cell Biology, Volume 159, Number 4, November 25, 2002 557-562
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Figure 1. The structural analysis of the MCAK A
neck. (A) Sequence alignment of the neck domain
of seven Kin I kinesins: CgMCAK, C. griseus (residues
A182-D246; GenBank/EMBL/DDB]J accession no.
U11790); HsMCAK, Homo sapiens (GenBank/
EMBL/DDBJ accession no. U63743); RnKRP2, Rattus
norvegicus (GenBank/EMBL/DDB]J accession no.
U44979); XKCM1, Xenopus laevis (GenBank/
EMBL/DDB]J accession no. U36485); HsKIF2,
Homo sapiens (GenBank/EMBL/DDB]J accession
no. CAA69621); MmKIF2, Mus musculus (GenBank/
EMBL/DDBJ accession no. D12644); XKIF2, X. laevis

CgMCAK 182
HSMCAK 188
RnKRP2 134
XRCM1 192
HsKIF2 126 §
MRKIF2 125
XKIF2 152

(GenBank/EMBL/DDBJ accession no. U36486). Identical residues are shaded in black, similar ones are shaded in gray. The 64-amino acid
neck domain sequences are 50% identical and 75% similar. The + symbols indicate highly conserved positively charged amino acids in the
neck domain. The arrows show residues that were substituted for alanine. The borders of deletions in the neck domain are indicated by flanking
residue numbers above the neck alignment. (B) Two sides of a helical diagram of a highly charged hydrophilic helix (residues R183-Q215)
found in the CgMCAK neck. Positively charged amino acids are white, negatively charged residues are black, and the other residues are gray.

(Thorn et al., 2000). Similarly, the positively charged K-loop
in the motor domain of the KIF1 single-headed kinesin pro-
vides a flexible attachment site for binding to MTs in the
weakly bound state (Okada and Hirokawa, 2000; Rogers et
al., 2001). Given the high percentage of positively charged
amino acids in the MCAK neck region and their strong con-
servation among Kin I kinesins (Fig. 1 A), it is reasonable to
suggest that the neck might be anchoring MCAK to MTs.
Here, we used mutational analysis and chimeras to test
whether the MCAK neck functions as an electrostatic tether.
We found that although the removal of positive charges
from the neck region significantly diminished the MT depo-
lymerization activity of MCAK, the insertion of the posi-
tively charged K-loop into “neckless” MCAK completely re-
stored its MT depolymerization activity. We propose that
the neck, analogous to the K-loop, may interact electro-
statically with the negatively charged MT lattice. This in-
teraction may serve to target MCAK to MT ends by diffu-
sional motility. The weak electrostatic interaction between
MCAK’s neck and MT ends may also play an important role
in processivity of MCAK-induced MT depolymerization.

Results and discussion

Quantitation of MT depolymerization activity in vivo
To estimate the effect of the deletions in the MCAK neck
domain on the MT depolymerization activity, we devised a
quantitative in vivo MT depolymerization assay. In brief,
EGFP-MCAK fusion constructs were transfected into cul-
tured cells, fixed, and stained for tubulin (Fig. 2). Digital
images were acquired using a cooled CCD camera. The
transfected cells chosen for quantitation displayed similar
EGFP-MCAK fusion protein expression levels (Figs. 3 and
4). The average pixel intensity (the mean gray value) over
the entire cellular area was measured and corrected for non-
cellular background. Cells transfected with a control EGFP
construct showed normal levels of MT polymer and were as-
signed an MT polymer value of 100%. EGFP-transfected
cells displayed a mean tubulin fluorescence value of 1,902
gray-scale units, which represented the sum of free tubulin
and MT polymer fluorescence (Fig. 3 A). Expression of FL
MCAK resulted in the loss of all MTs at the analyzed level
of expression with only a lightly stained background of un-
polymerized tubulin remaining (Fig. 2 D, arrow). Such cells

showed a mean tubulin fluorescence value of 734 gray-scale
units, which was designated as 0% of the MT polymer (Fig.
3 A). Consequently, the mean intensity of tubulin fluores-
cence in the FL MCAK—transfected cells was less than half
of that in the EGFP-transfected cells.

The low level of free (unpolymerized) tubulin seen in cells
transfected with FL MCAK might be a result of a tubulin au-
toregulation mechanism. Increasing the concentration of
free tubulin by depolymerizing MTs with MT-destabilizing
drugs, e.g., nocodazole, leads to a rapid decrease in the level
of tubulin mRNAs and an eventual decrease in the unassem-
bled tubulin level (Cleveland et al., 1981; Gonzalez-Garay
and Cabral, 1996). Similar to MCAK-mediated MT depoly-
merization, we found that treatment with a low concentra-
tion of nocodazole (1 wM) for 12 h produced cells with a low

FL MCAK A A182-D218 MCAK A182-K-loop-D218 MCAK

Figure 2.  Depolymerization of MTs by MCAK and MCAK mutants.
(A-C) EGFP fluorescence, (D-F) tubulin staining of the same cells.
A cell transfected with full-length (FL) MCAK (A and D) displays a
loss of MT polymer and low intensity unpolymerized tubulin staining
(arrow). A cell transfected with the neckless MCAK mutant (B and E;
A A182-D218 MCAK) exhibits a normal network of cytoplasmic
MTs (arrowhead) as a consequence of the significantly decreased
MT depolymerization activity of neckless MCAK. (C and F) Cells
transfected with the A182-K-loop-D218 MCAK construct, the K-loop
insertion into the neckless A A182-D218 MCAK mutant. The insertion
of the KIFTA K-loop (NKNKKKKK) into the neckless MCAK restores
the MT depolymerization activity to the level of FL MCAK. Arrow in
F illustrates a cell with MT polymer loss similar to that in FL. MCAK
transfected cells (D, arrow). All panels are the same magnification.
Bar, 10 pm.
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Figure 3.  Removal of positive charges
in the neck domain significantly reduced
MT depolymerization activity of MCAK.
(A) The effect of deletions in the neck
|region. Each A symbol represents a
deletion of the MCAK neck region with
borders indicated by flanking amino
acid numbers. (B) The effect of alanine
substitutions in the neck region. The
residues changed to alanine are shown
for each MCAK mutant. The average
pixel intensity over the cell area is plotted
on the y axis in gray-scale units. White
bars show the mean EGFP fluorescence.
Black bars represent the mean tubulin
fluorescence. Error bars are SDs. EGFP
indicates cells transfected with the EGFP
control; FL MCAK designates cells
transfected with FL wild-type MCAK. The
percentage of MT polymer left in the
transfected cells is shown.
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intensity free-tubulin background and no MTs. The mean
tubulin fluorescence intensity of these cells was 798 = 169
gray-scale units (z = 88) as determined by the in vivo depo-
lymerization assay described in this report. The mean tubulin
intensity of cells treated with 1 wM nocodazole for 15 min
was 1,645 = 189 (n = 41). These cells displayed almost no
MT polymer and bright free-tubulin staining due to the fact
that 15 min was not long enough for autoregulation to take
place and decrease the level of free tubulin. Nontreated cells
with a normal network of cytoplasmic MTs showed the
mean tubulin intensity equal to 1,870 * 301 (n = 77).

The removal of positive charges from the neck domain
dramatically reduced MT depolymerization activity
of MCAK

As expected from previous studies (Maney et al., 2001), cells
transfected with neckless MCAK (A A182-D246) displayed
a normal MT network. The mean tubulin fluorescence of
the A A182-D246 MCAK mutant was similar to that of the
EGFP control and equaled 1,825 gray-scale units (Fig. 3 A).
Cells transfected with MCAK mutants containing progres-
sively smaller deletions in the neck domain, A A182-E232
and A A182-D218 (Fig. 2 E, arrowhead), also showed nor-
mal levels of MT polymer that were similar to that of the
EGFP-transfected cells (Fig. 3 A). Hence, these neckless
MCAK mutants exhibited severely impaired MT depoly-
merization activity. Smaller deletions in the neck region (A
A182-E201 and A E201-D218) diminished MT depoly-
merization activity to a lesser degree. (Fig. 3 A). Next, we
performed alanine substitutions of the highly conserved pos-
itively charged residues in the neck domain (Fig. 1, arrows)
to test whether the loss of positive charges in this region af-
fects the depolymerization activity of MCAK. Alanine sub-
stitutions of 3—4 positively charged amino acids resulted in
some reduction of MT depolymerization activity (more than
50% of MTs were depolymerized in the transfected cells).
Substitutions of 7 to 10 amino acids resulted in much
greater inhibition of the depolymerization activity (<20%
of MTs were depolymerized; Fig. 3 B). Therefore, the total
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Figure 4. Insertion of KIF1A K-loop
into the neckless MCAK fully restores
MT depolymerization activity. y and x
axis categories are the same as described
in Fig. 3 legend. Error bars are SDs.
A182-K-loop-D218 MCAK represents
cells transfected with the KIF1A K-loop
insertion into the neckless MCAK
mutant, A182-NKNKKKKK-D218 MCAK.
Asterisks label two samples, FL. MCAK
and A182-K-loop-D218 MCAK, whose
means are statistically similar (P = 0.92)
to each other as determined using the
ttest. The percentage of MT polymer left
in the transfected cells is indicated.
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sum of removed positive charges was of greater importance
than the positions of the substituted residues.

In summary, we identified A A182-D218 as the smallest
neck deletion that would reduce MT depolymerizing activity
to the level of the EGFP control (Fig. 3 A). This region con-
tains 13 (36%) positively charged residues and 7 (19%) neg-
atively charged residues (Fig. 1). The net charge of A182-
D218 region is positive and equals +6. Alanine substitutions
of only 7 positive residues rendered the net charge of A182-
D218 segment negative and resulted in greatly diminished
MT depolymerization activity (Fig. 3 B). The A182-D218
region contains a highly charged hydrophilic helix (resi-
dues R183-Q215) as predicted by SSpro2 server (htep://
promoter.ics.uci.edu/BRNN-PRED [Baldi et al., 1999]). The
helical wheel representation of this helix shows that the posi-
tively charged residues lie mostly on one side of the helix,
whereas the opposite side contains most of the negatively
charged residues found in this neck region (Fig. 1 B).

KIF1A K-loop insertion into neckless MCAK rescues MT
depolymerization activity

We have shown that elimination of the positive charges in
the MCAK neck region, A182-D218, cither by deletions or
alanine substitutions inhibits MT depolymerization activity
of MCAK. Conversely, Niederstrasser et al. (2002) showed
that the interaction between the COOH terminus of tubu-
lin (C-hook) and MCAK is required for MT depolymeriza-
tion because subitilisin cleavage of the C-hook abolishes
depolymerization of MTs by the MCAK homologue,
XKCM1. Furthermore, Okada and Hirokawa (2000) have
shown that the positively charged K-loop of KIF1A interacts
with the negatively charged C-hook and serves as an electro-
static tether to support the diffusion of KIF1A along MT
protofilament. The positively charged neck of MCAK might
interact with the negatively charged C-hook of tubulin anal-
ogously to the KIFIA K-loop. We tested this hypothesis by
inserting the K-loop of KIF1A into the MT depolymeriza-
tion deficient neckless MCAK. We found that MCAK
with the A182-D218 neck segment replaced by the KIF1A
K-loop, NKNKKKKK, (abbreviated as A182-K-loop-D218
MCAK) depolymerized MTs with the same efficiency as FL
MCAK (Figs. 2 F and 4). Moreover, mitotic cells transfected
with the A182-NKNKKKKK-D218 MCAK mutant dis-
played the same mitotic defects (unpublished data) de-
scribed for overexpression of FL. MCAK, namely bundling
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and depolymerization of spindle MTs, which in turn re-
sulted in prometaphase arrest and an elevated mitotic index
in transfected cells (Maney et al., 1998).

None of the MCAK mutations described in this report in-
terfered with centromere or centrosome binding. The nuclear/
cytoplasmic localization of the mutants was identical to that
of wild-type FL MCAK (unpublished data). All MCAK mu-
tants showed the ability to bind MTs in vivo when cells were
extracted before fixation in the absence of nucleotide (unpub-
lished data) in a manner identical to FL MCAK (Maney et al.,
1998). This implies that all mutated MCAKSs were functional
proteins with motor domains able to bind MT lattice in the
nucleotide-free state, similar to conventional kinesins.

In vitro MT depolymerization activity

of MCAK neck mutants

The rescue of the MT depolymerization—deficient neckless
MCAK by K-loop insertion suggests that the MCAK neck is
affecting the interactions between motor and MTs rather
than regulating the depolymerization activity. To test this
hypothesis further, we replicated our depolymerization as-
says in vitro. We expressed and purified the following pro-
teins: core motor plus neck (A182-§583); core motor plus
alanine-substituted neck (A182-Ala-S583 with substituted
residues indicated by arrows in Fig. 1 A); core motor plus
truncated neck (D218-5583); core motor plus K-loop in
substitution for the neck (A182-K-loop-D218-S583); core
motor plus poly-lysine (5K) in substitution for the neck
(A182—5K-D218-5583); and core motor domain of MCAK
(1253-8583; Fig. 5 A). The purified proteins were added to
the taxol-stabilized MTs and were incubated at 24 £ 1°C
for 10 min in the presence of 1 mM ATP. The depolymer-
ization of tubulin polymer was measured as the percentage
of tubulin released in the supernatant after subtraction of tu-
bulin in supernatant of the no-motor control reaction and
normalizing the supernatant and pellet fractions. Fig. 5 B
shows the supernatants and pellets of the in vitro depoly-
merization reactions containing 100 nM active motor pro-
teins and 1,500 nM taxol MTs. Although the core motor
plus neck (A182-S583) depolymerizes 92 * 4% of tubulin
polymer, the core motor plus alanine-substituted neck,
A182-Ala-S583 depolymerized only 10 % 4% of tubulin
polymer (Fig. 5 B). The truncated neck plus core motor
(D218-8583) lacks the positively charged helix found in the
FL neck (Fig. 1 B). This protein depolymerized only 13 =
5% of tubulin polymer. Therefore, removal of positive
charges from the neck either by alanine substitutions or de-
letions dramatically suppresses the MT depolymerization ac-
tivity of this kinesin, but does not eliminate it completely in
vitro. Although analogous neckless MCAK mutants (A
A182-D246, A A182-E232, and A A182-D218) expressed
to high levels in vivo displayed no detectable depolymeriza-
tion activity (Fig. 2 E, 3A), in corroboration with our in
vitro data, extremely high levels of expression showed a
slightly disassembled MT network (unpublished data).

Also, we substituted the positively charged helix found
in the A182-D218 region of CgMCAK neck (Fig. 1 B)
with the positively charged K-loop of KIF1A by linking the
K-loop to the NH, terminus of truncated neck plus core
motor construct, D218-S583. This construct exhibited five-
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Figure 5. Depolymerization activity of MCAK mutants in vitro.
(A) Diagram illustrating the truncated MCAK mutants used for in
vitro depolymerization assays: core motor plus neck (A182-5583);
core motor plus alanine-substituted neck (A182-Ala-S583 with
R183, R184, K185, K198, R199, K202, R203, R210, K212, and
R213 substituted to alanine); core motor plus truncated neck
(D218-5583); core motor plus K-loop (NKNKKKKK) in substitution
for the neck (A182-K-loop-D218-5583); core motor plus poly-1-lysine
(KKKKK) in substitution for the neck (A182-5K-D218-5583); and
core motor (1253-S583). B compares the depolymerization activity
of the truncated MCAK mutants described above. C compares the
depolymerization activity of the core motor plus neck (A182-S583)
and the core motor domain of MCAK (1253-5583) in 60 mM KCl,
BRB20 versus 7 mM KCI, BRB20. For both B and C, the percentage
of tubulin in the supernatant of no-motor control reactions was
subtracted from the percentage of tubulin in supernatant of the
motor-containing reactions. The numbers are percentages of tubulin
released in supernatant of the motor-containing reactions. The average
of at least three experiments = SD is shown for each supernatant
fraction. In each case, the top band on the gel is tubulin and the
bottom band is the added motor. In all assays, 100 nM of active
motor protein was added to 1,500 nM taxol-stabilized MTs in the
presence of 1 mM ATP. *Refer to Materials and methods for exact
buffer composition.

fold-increased depolymerization activity over D218-5583
(Fig. 5 B). However, although the K-loop rescues the depo-
lymerization activity of the neckless mutant 100% in vivo



(Fig. 4), it rescues only 75% of the depolymerization activity
of D218-A182 construct in vitro (Fig. 5 B). Therefore, the
MCAK neck plus motor (A182-S§583) is still the most opti-
mal construct for MT depolymerization, which might be one
of the reasons why it is so highly conserved. It is likely that
the K-loop rescues the depolymerization activity because it
contains positively charged residues. We have further con-
firmed that charge is an important functional property of the
neck by constructing the poly-lysine mutant, A182-KKKKK-
D218-S583 (abbreviated as A182-5K-D218-S583), which
contains poly-lysine peptide instead of K-loop in place of
A182-D218 neck region. Fig. 5 B shows that the poly-lysine
peptide substitution rescues the depolymerization activity of
D218-5583, but to a lesser degree than the K-loop substitu-
tion, perhaps due to fewer positive charges found in the poly-
lysine peptide (+5) than in K-loop (+6).

The rescue of the MT depolymerization—deficient neck-
less MCAK by K-loop insertion suggests that the MCAK
neck might function analogously to the K-loop. The K-loop
of KIF1IA mediates diffusional motility (Okada and Hi-
rokawa, 2000; Rogers et al., 2001). Similarly, we propose
that the neck of MCAK may support diffusional motility to
transport MCAK along the MT protofilament toward MT
ends where Kin I-mediated MT depolymerization occurs
(Desai et al., 1999). The neck of MCAK may also use diffu-
sional motility to confer accelerated kinetics or processivity
to the core motor domain (unpublished data).

Moores et al. (2002) have clearly shown that a conserved
core motor domain of a Plasmodium falciparum Kin 1 kine-
sin (pKinl) can disassemble MTs. However, the assay condi-
tions (extremely low ionic strength) were chosen to maxi-
mize electrostatic interactions. Maximizing the electrostatic
interactions and raising the stoichiometry of Kin I/tubulin
(=1:10) obviates the need for processivity or diffusional mo-
tility despite the fact that it is essential for depolymerization
under physiological conditions. We have duplicated the low
ionic strength conditions used by Moores et al. (2002). The
decrease in salt concentration from 60 to 7 mM KCl in
BRB20 buffer produced a twofold increase of tubulin poly-
mer depolymerized by the core motor (Fig. 5 C). This shows
that the core motor of MCAK (1253-S583) is also a definite
but enfeebled depolymerizer. Direct comparison of the neck
plus motor (A182-S583) with the conserved core motor
(1253-S583) shows that the neck plus motor is a tremen-
dously more effective depolymerizer than the core motor
(Fig. 5, B and C).

In summary, we demonstrated that deletions or alanine
substitutions of positively charged residues of A182-D218
neck region drastically reduced the MT depolymerization
activity. Insertion of the positively charged KIF1A K-loop or
poly-lysine rescued the neckless MCAK mutants. We pro-
pose that the neck acts as an electrostatic tether. This elec-
trostatic tether may increase the rate of MT depolymeriza-
tion by either increasing the on-rate of MCAK to MT ends
(perhaps by mediating diffusional motility) or decreasing the
off-rate of MCAK from MTs (perhaps by conferring proces-
sivity to the core motor domain; unpublished data). The
data presented here do not allow us to distinguish between
diffusional targeting and processivity. Mediation of diffu-
sional targeting and processivity are two distinct and not
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mutually exclusive hypotheses for the contribution of the
neck to the MT depolymerization activity of MCAK.

Materials and methods

Constructs

pTRE2-EGFP-CgMCAK was made by the subcloning of Nhel-BspEl EGFP
cDNA fragment (from pEGFP-C1; CLONTECH Laboratories, Inc.) and the
BspEl-Notl Cricetulus griseus MCAK cDNA fragment (from pOPRSVICAT-
GFP-MCAK; Maney et al., 1998) into the pTRE2 vector (CLONTECH Lab-
oratories, Inc.) digested with Nhel and Notl. The gene expression level
controlled by TRE promoter is similar to the high expression levels in the
traditional CMV promoter—driven systems (Yin et al., 1996). The deletion,
alanine substitution, and K-loop insertion constructs were prepared by
overlap PCR using specially designed mutagenic primers and PfuTurbo®
DNA polymerase (Stratagene). The mutations were confirmed by DNA se-
quencing. Constructs for bacterially expressed proteins were made by am-
plifying the coding sequences of MCAK mutants from the constructs in
pTRE2 vector with PfuTurbo® DNA polymerase (Stratagene), and then sub-
cloning the resulting fragments into pET-28a+ (Novagen) digested with
Ncol and Notl.

Cell transfection and immunofluorescence

CHO AA8 Tet-Off™ cells (CLONTECH Laboratories, Inc.) were grown in
90% oMEM, 10% FBS, and 100 pg/ml G418 at 37°C, 5% CO,. 1 d before
transfection, cells were plated onto 12-mm coverslips at low density (2 X
10* cells/cm?). Transfections were done with ExGen 500 transfection re-
agent (MBI Fermentas). Cells were cultured for 24 h after transfection and
fixed with 1% PFA in precooled methanol for 10 min. The cells were then
incubated with mouse anti-tubulin DM1a (Sigma-Aldrich) at 1:50 dilution
for 1 h and Texas red anti-mouse antibodies (Jackson ImmunoResearch
Laboratories) at 1:100 dilution in PBS plus 0.1% Triton X-100 and 1% BSA
for 1 h. Cells were washed with PBS, stained with DAPI, and mounted in
Vectashield® mounting medium (Vector Laboratories). Analysis was done
with a microscope (model FX-A; Nikon) equipped with 60X/1.4 NA Plan
Apo oil objective. The digital images were acquired with a cooled CCD
camera (SenSys; Photometrics) controlled by QED camera software (QED
Imaging, Inc.).

Quantitation of MT depolymerization activity in vivo

To quantify the microtubule (MT) depolymerization activity, we collected
digital images of the transfected cells at the same exposure for each set of
GFP and MT images and below saturation level of the camera (the 4,096
gray-value maximum). All images were saved as 12-bit TIFF images for
quantification by NIH Image 1.62 software and Microsoft Excel. Mean
EGFP or tubulin fluorescence intensities over the entire cellular area were
measured as the average gray value within the area. Mean fluorescence
over the cell-free area in each image was subtracted from mean fluores-
cence over the cellular area to correct for background fluorescence. All
analyzed cells were in interphase and were free of aggregates of overex-
pressed protein. 20-90 transfected cells were measured for each construct
with >500 cells quantified overall. To quantify the MT polymer left in the
transfected cells, we assigned an MT polymer value of 0% to the cells
transfected with full-length (FL) MCAK, which displayed no MTs and a
mean tubulin fluorescence intensity equal to 734 gray-scale units. Similar
to nontransfected cells, EGFP-transfected cells showed normal levels of
MT polymer, which was given a 100% value. The mean tubulin fluores-
cence of EGFP-transfected cells was equal to 1,902 gray-scale units. To
quantify the percentage of MT polymer left in the cells transfected with
mutant MCAK constructs, we used the following formula: {[(the mean tu-
bulin fluorescence intensity of mutant-transfected cells — 734)/1,168] X
100%]} where 1168 is the difference between EGFP control and FL. MCAK
mean gray values.

In vitro MT depolymerization assays

The bacterially expressed COOH-terminally 6his-tagged proteins were pu-
rified as described in Maney et al. (2001). The active motor concentration
was determined as the concentration of nucleotide-binding sites because
there is one ATP-binding site per each monomeric motor protein analyzed
in this study in vitro. The concentration of nucleotide-binding sites was
measured radiometrically as described by Coy et al. (1999). The depoly-
merization of taxol-stabilized MTs, polymerized from bovine tubulin (Cy-
toskeleton, Inc.), was performed as described in Maney et al. (2001). In
brief, for the assay shown in Fig. 5 A, 100 nM of the active motor proteins
in 20 pl of the elution buffer (250 mM imidazole, pH 7.0, 300 mM KCl,
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0.2 mM MgCl,, 0.01 mM Mg-ATP, 1 mM DTT, and 20% glycerol) was
mixed with 1,500 nM taxol-stabilized MTs in 80 wl of BRB80 (80 mM
Pipes, pH 6.8, 1 mM EGTA, and 1 mM MgCl,), 12.5 pM taxol, T mM DTT,
and 1.25 mM Mg-ATP incubated at 24 = 1°C for 10 min, and then centri-
fuged at 30 psi for 10 min. For the assay shown in Fig. 5 B, 100 nM of the
active motor proteins in 2.3 pul of the elution buffer was mixed with 1,500
nM taxol-stabilized MTs in 97.7 pl of BRB20 (20 mM Pipes, pH 6.8, 1 mM
EGTA, and TmM MgCl,), 10.2 pM taxol, 1T mM DTT, 10 pg/ml BSA, and
1.02 mM Mg-ATP with or without addition of KCI up to 60 mM, incubated
at 24 = 1°C for 10 min, and then centrifuged at 30 psi for 10 min. Super-
natants and pellets were assayed for the presence of tubulin on Coomassie-
stained SDS-polyacrylamide gels (Novex). Gels were calibrated and quan-
tified using NIH Image 1.62 software. The percentage of tubulin in the
supernatant of no-motor control reactions was subtracted from the per-
centage of tubulin in supernatant of the motor-containing reactions. The
percentages of tubulin released in supernatant of the motor-containing re-
actions were then normalized with the percentages of tubulin in the corre-
sponding pellet fractions.
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All kinesins share a conserved core motor domain imply-
ing a common mechanism for generating force from
ATP hydrolysis. How is it then that kinesins exhibit such
divergent activities: motility, microtubule cross-linking
and microtubule depolymerization? Although conven-
tional motile kinesins have served as the paradigm
for understanding kinesin function, the unconventional
kinesins exploit variations on the motile theme to
perform unexpected tasks. This review summarizes the
biological functions and examines the possible molecular
mechanisms of Kin C and Kin | unconventional kinesins.
We also discuss the possible differences between the
microtubule destabilization models proposed for Kar3
and Kin | kinesins.

Key words: depolymerization, Kar3, KIF2, kinesin, Kip3,
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Kinesins are a large superfamily of microtubule motor pro-

teins that use the energy of ATP hydrolysis to produce _

force. They are defined by the presence of a catalytic
core motor domain (historically known as the ‘head’
domain), which hydrolyzes ATP and binds to microtubules
(MTs). Kinesins are classified into three subfamilies based
on the position of their motor domain within the primary
sequence of the protein. The Kin C subfamily comprises
kinesins with a C-terminally located core motor domain;
Kin N kinesins have an N-terminally located core motor
domain; and Kin | kinesins possess an internally located
core motor domain (Figure 1). All kinesins share a high
degree of sequence identity within the core motor domain.
The crystal structures of the Kin N and Kin C core motor
domains are clearly similar to each other (1,2). The first
kinesin to be identified was purified from the giant axon of
the squid (3). This extensively studied member of the Kin N
family of kinesins serves as the prototype for all other
kinesin-related proteins by virtue of its relative abundance
and ubiquitous tissue distribution. As a result, Kin N kin-

esins that are structurally related to squid axonal kinesin
have earned the designation ‘conventional kinesins’. By
default, the Kin C and Kin | kinesins have been labeled
‘unconventional kinesins'.

Functionally, the position of a kinesin’s motor domain
within the polypeptide chain usually predicts its direction-
ality. Kin N kinesins walk toward the plus ends of MTs,
whereas Kin C kinesins translocate toward the minus ends
of MTs. Unexpectedly, the Kin | kinesins are not able to
translocate along MTs in the conventional sense but,
instead, depolymerize MT filaments from both ends (4,5).
It is important to note, however, that the directionality of
motile kinesins is not directly controlled by the position of
the motor domain in the polypeptide chain but rather by
the conserved region immediately outside the motor core
domain, called the ‘neck’ domain [reviewed in (6,7)]. Vale
and Fletterick (8) have defined the neck domain as ‘the
most class-specific region’ within the kinesin primary
sequence. This region is highly conserved within each
respective kinesin subfamily but extremely variable across
subfamilies (8). It is thought that the conserved core motor
domains of both Kin N and Kin C subfamilies possess
intrinsic slow plus-end directed motile activity. The Kin
N-type neck may act to amplify this activity, while the
presence of a Kin C-type neck is sufficient to direct the
motor toward MT minus-ends [reviewed in (6,9)]. The neck
domains of the Kin C and Kin | kinesins are located
N-terminally to the core motor domain, while the neck
of the Kin N kinesins is C-terminal to the core motor
(Figure 1). Many kinesins contain an a-helical coiled-coil
stalk domain through which they dimerize (Figure 1). In
addition, kinesins typically have a globular tail domain cap-
able of carrying out a wide variety of functions, such as
interacting with cargo or kinesin-associated proteins (10);
regulating the core motor ATPase activity (11); providing
non-ATP dependent MT binding sites (12); and targeting
kinesins to different locations in cells (13).

All conventional kinesins (Kin N subfamily members) char-
acterized so far are processive, meaning they are able to
take hundreds of steps before dissociating from an MT
filament [reviewed in (14,15)]. Processivity requires that
the motor be continuously attached to the MT during
successive steps in the cycle of translocation. In the case
of conventional kinesin, conformational changes in the
dimerized heads are coupled intermolecularly to the ATP
hydrolysis cycle, so that one head is always strongly bound
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Figure 1: Schematic representations of kinesin structure.
Members of Kin N, Kin C, and Kin | kinesin subfamilies are
shown. Kin N kinesins move toward the plus ends of MTs, Kin C
kinesins translocate toward the minus ends of MTs, whereas the
Kin | kinesins depolymerize MTs from both ends. The conserved
core motor domain is shaded in black; the neck is in gray; tail
domains are in white; and coiled-coil regions are striped.

to MTs while the motor domains translocate in a hand-
over-hand manner along the surface of the microtubule
lattice. In contrast, the Kin C dimeric kinesins are nonpro-
cessive motors. They lack the ability to take even a few
successive steps along a MT filament [reviewed in (6,15)].
However, when multiple nonprocessive motors work
together, for example by attaching to a surface of a ves-
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icle, they can processively transport it along MTs. A recent
study by Hunter et al. (4) has demonstrated that the Kin |
kinesin, CQMCAK, is a processive depolymerase. A single
CgMCAK dimer will remove multiple tubulin dimers while
maintaining an attachment to MT ends (4).

All in all, the unconventional kinesins are important for
numerous biological processes and their malfunctions
have been implicated in human diseases [reviewed in
(16,17)]. Mutations in the Kin C kinesin, DmNCD, cause
chromosome nondisjunction during female meiosis in
Drosophila (18). Related Kin C kinesins also operate during
vertebrate meiosis and mitosis to insure accurate chromo-
some segregation (19,20). Chromosome nondisjunction
during meiosis is the most common cause of mental
retardation and conceptus wastage in humans (21), mak-
ing this class of kinesins of fundamental importance for
genomic stability and human health.

In addition, the ability of Kin | kinesins to modulate micro-
tubule dynamics has major implications for both chromo-
some segregation and malignancy. A member of the Kin |
subfamily, HsSMCAK (KNSL6), is overexpressed in human
cancers (22,23). The hamster homolog of HsMCAK
can depolymerize paclitaxel-stabilized MTs in cells (24).
Significantly, the other major MT depolymerizing nonmotor
protein, stathmin, is incapable of destabilizing cellular MTs
in the presence of comparable levels of paclitaxel (24,25).
Therefore, HsSMCAK overexpression, in particular, may be
responsible for decreased sensitivity to the microtubule-
stabilizing anticancer drug paclitaxel (Taxol, registered trade-
mark of Bristol Myers Squibb) in some cancers (26).
HsMCAK may antagonize the effect of paclitaxel by pro-
moting MT dynamics. Targeting cancer cells with MCAK
inhibitors alone or together with paclitaxel may present a
potential strategy in treatment of paclitaxel-resistant tumors.

The functional contribution of the unconventional kinesins
to cell division and other cellular processes is mechanisti-
cally linked with their activities at a molecular level. Here,
we will review the molecular mechanisms and cellular
functions of the Kin C and Kin | unconventional kinesins.

Kin C Kinesins are Minus-End Directed Motor
Proteins

Kin C kinesins are minus-end directed motor proteins that
have been implicated in the organization of bipolar spin-
dles, retrograde transport, and Golgi apparatus positioning
(summarized in Table 1). Kin Cs contain ATP-independent
MT binding sites outside of the core motor domain (12).
The ability of these kinesins to bundle MTs suggests that
they possess MT cross-linking activity (12,19). Combining
MT cross-linking activity with motile activity would enable
these molecules to slide one MT with respect to another.
Hence, it was proposed that Kin C kinesins cross-link
spindle MTs and move toward the minus ends to promote
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Table 1: Diverse functions of Kin C kinesins. Representative members of Kin C subfamily are shown. The first two letters of the motor
name refer to the species name: Dm, Drosophila melanogaster, X|, Xenopus laevus; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae;

Mm, Mus musculus

Kin C kinesins

Subcellular localization

Mutant (deficient) phenotype

Functions

DmNCD

XICTK2

HsHSET

MmKIFC2

MmKIFC3

spindles and spindle poles
(18)

spindles and spindle poles
(19)

spindles and spindle poles
(20)

spindles and spindle pole
bodies (39,42)

neural cell bodies, dendrites,

and axons (77)

perinuclear regions in the
adrenocortical cells (79);
apical plasma membrane in
epithelial cells (80)

spindles with splayed poles and
chromosome nondisjunction
during female meiosis (18)

inhibition of bipolar spindle
assembly in Xenopus
egg extracts (19)

splayed spindle poles and loss of
spindle bipolarity in murine
oocytes (20)

failure in nuclear fusion during
mating (35); aberrant MT arrays
and prophase arrest during meiosis
(75); short mitotic spindles and
increased number and length of
cytoplasmic MTs (35,39)

Homozygous KifC2 mouse mutants
were viable and reproduced
normally (78)

fragmentation of the Golgi
apparatus under the
cholesterol-depleted
condition (79)

organizing ends of oocyte
spindle MTs into poles; and
spindle integrity (18,27,28)

promoting bipolar spindle
assembly in Xenopus egg
extracts (19)

establishing spindle poles
during meiosis (20)

cross-bridging MTs between
fusing nuclei to draw them
together during mating (35);
nuclear and spindle positioning
(76); and spindle integrity
(39,76)

retrograde transport (77)

Golgi positioning and
integration (79); apical transport
in epithelial cells (80)

focused association of the MT minus ends at the spindle
poles (18,27,28). The minus-end directed activity of Kin C
kinesins appears to act antagonistically to the plus-end
directed activity of BimC kinesins (Kin N type) (20,28-30).
Kin C kinesins produce forces which pull spindle poles
together, while BimC kinesins produce forces which sepa-
rate spindle poles. Deficiency in BimC activity results in
centrosome separation defects and failure of bipolar spin-
dle formation, whereas removal of Kin C activity in BimC
mutants rescues these defects (20,29,30). Thus, opposing

motors generate counteracting forces to establish and .

maintain bipolar spindle structure [reviewed in (31)]. The
contribution of Kin C kinesin activity to the establishment
of spindle poles is most essential during meiosis or in the
absence of centrosomes (18,27,28). Kin C function is
thought to be supplemented to a greater degree by cen-
trosomes and also the minus-end directed motor, dynein,
in somatic cells (20,28).

Interestingly, ScKar3 stands out from the Kin C subfamily
because of its ability to destabilize MTs in vitro specifically
from minus ends (32). MT destabilizing activity has not yet
been reported for any other Kin C kinesin tested in vitro
(33,34). As expected, a truncated ScKar3 protein [lacking
N-terminal nonmotor MT binding domain (35), 1-276
residues] fused to GST tag exhibited minus-end directed
motility in vitro (32). However, while observing minus-end
directed motility of GST-ScKar3, Endow et al. noted that
MT lengths were reducing, giving the appearance that
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minus ends of MTs was moving faster than plus ends
(32). This suggested that ScKar3 might be directly desta-
bilizing MTs, preferably from the minus ends. The MTs
used in this assay were weakly stabilized by paclitaxel
(1 paclitaxel molecule per 5 tubulin dimers). Increasing
the paclitaxel concentration inhibited the ScKar3-mediated
MT minus-end destabilization (32). It was suggested that
ScKar3 causes MT minus-end instability by binding
between two adjacent protofilaments, which results in
weakening MT protofilament lateral connections at the
MT minus ends (36). The inhibition of ScKar3-mediated
MT destabilization by paclitaxel is consistent with this
idea, since paclitaxel stabilizes MTs by strengthening
lateral interactions between MT protofilaments (37).
Comparison of the crystal structure of the ScKar3 motor
domain with those of both conventional Kin N kinesin
and also the Kin C kinesin, DmNCD, revealed that ScKar3
has a significantly shorter L11 loop within the core motor
domain (36). The L11 loop is thought to bind in the groove
between MT protofilaments (38). The shorter L11 loop
may force the Kar3 motor to bind deeper into the
groove, triggering the lateral separation of protofilaments
at the MT ends and thus initiating an MT catastrophe event
(36).

The microtubule destabilizing activity of ScKar3 kinesin has
also been documented in vivo. Mutations of ScKar3 resulted
in both increased number and length of cytoplasmic MTs
in budding yeast (39). Experiments in vivo implicate only
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one other member of the Kin C subfamily, the fission
yeast SpKlIp2 kinesin, as an MT destabilizer (40). Further
analysis of MT destabilizing activity of ScKar3 and SpKlp2
could provide important information regarding the
molecular basis of this activity. Combining motility and
MT depolymerizing activity may be unique to these two
yeast Kin C motors. This could be one mechanism by
which yeast make do with fewer kinesins than other
eukaryotic cells.

While conventional Kin N kinesins and the well-characterized
minus-end directed motor, DmNCD (Kin C), operate as
homodimers, ScKar3 functions as a monomeric motor
in vivo (41,42). The monomeric ScKar3 motor domain
has recently been shown to associate as a heterodimer
with one of two nonmotor polypeptides (Cik1 or Vik1)
through corresponding coiled-coil domains. The two
ScKar3 heterodimers have different cellular localizations
and possibly functions. The ScKar3/Cik1  heterodimer
localizes along cytoplasmic MTs during mating and
along spindle MTs during mitosis, where it acts as an
MT cross-linking and sliding motor (41,42). In contrast,
the ScKar3/Vik1 heterodimer localizes to the mitotic
spindle poles, where it organizes MT ends into spindle
poles and may also destabilize cytoplasmic MTs (39,42).

These data suggest several important questions: Do any
other Kin C kinesins form single motor heterodimers? How
are the activities of ScKar3 heterodimeric complexes regu-
lated? Is the MT destabilization activity of ScKar3 unique
among Kin C kinesins? An in vitro analysis of MT motile,
cross-linking and destabilizing activities of ScKar3/Vik1 and
ScKar3/Cik1 heterodimers would help to elucidate the
molecular mechanism of these activities.

Kin | Kinesins are MT Depolymerases

Despite the presence of the conserved core motor
domain, Kin Is do not generate movement but function
as MT depolymerases that disassemble MTs in an ATP-
dependent fashion in vitro or in vivo (4,5). Kin Is have a
unique ability to target primarily MT ends, while Kin N and
Kin C kinesins have a higher affinity for the MT lattice.
Likewise, while the MT lattice is known to maximally
stimulate the ATPase activity of Kin N and Kin C kinesins,
Kin Is have a substantial MT-end stimulated ATPase
activity. Non-polymeric tubulin dimers and MT lattice also
stimulate the Kin |I's ATPase but to a much lesser extent
(4). Kin Is efficiently depolymerize both paclitaxel and
GMP-CPP stabilized MTs in vitro (4,5,24). Kin |s accumu-
late predominantly at both ends of MTs in the presence of
AMP-PNP (a nonhydrolyzable ATP analogue) in vitro. Elec-
tron microscopic analysis of MT ends after incubation with
Kin | kinesins revealed curled protofilaments (5,43).
Furthermore, Niederstrasser et al. demonstrated that Kin
Is are capable of depolymerizing zinc-induced tubulin poly-
mers, characterized by an antiparallel MT protofilament
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arrangement unlike the parallel arrangement of protofila-
ments in cellular MTs (44). These data indicate that, unlike
the proposed model for Kar3, Kin Is do not bind two
adjacent protofilaments to force them apart to induce
depolymerization. Instead, Kin Is induce protofilament
curling by acting on a single MT protofilament. Three-
dimensional EM reconstruction of a Plasmodium Kin |,
pKinl, bound to single protofilament curls showed that
the core motor domain binds both a and B tubulin subunits
(43). It is thought that the binding of Kin Is either directly
induces or stabilizes a conformational change in a GTP-
tubulin dimer at the MT ends that reflects the GDP-tubulin
state of depolymerizing microtubules without stimulating
GTP hydrolysis on tubulin subunits (4,5). The stabilization
of the curved GDP-like conformation of the terminal
GTP-tubulin dimer results in destabilization of the lateral
interactions between tubulin subunits in the MT lattice and
loss of tubulin dimers from MT ends (45). The C-terminus
of B-tubulin is required for the tubulin conformational
change induced by Kin | kinesin binding (43,44).

Kinetic analysis suggests that CgMCAK, a hamster Kin |, is
a processive MT depolymerase. One MCAK molecule is
capable of removing approximately 20 tubulin dimers from
the end of MT protofilament before it dissociates (4).
Another important kinetic feature of CgMCAK-mediated
MT depolymerization is the exceptionally rapid targeting
of CgMCAK to MT ends: the on-rate of CQMCAK to MT
ends exceeds by 100 times the rate at which tubulin
dimers bind to MT ends during polymerization. These
data led Hunter et al. to suggest that CJMCAK targets
MT ends by diffusion along the MT lattice (4). MT-end
targeting through one-dimensional diffusion along the MT
protofilament is much faster than targeting through three-
dimensional diffusion and is compatible with the on-rate
for CgMCAK to MT ends.

The conserved core motor domain of Kin | kinesins is
capable of stabilizing the curved protofilaments of depoly-
merizing microtubules (43). This is a key step in the
mechanism of Kin l-induced MT depolymerization. How-
ever, under physiological conditions the core motor of
CgMCAK (1253-S583) is unable to depolymerize MTs. The
addition of the N-terminal neck domain (A182-R252) to the
CgMCAK core motor domain restores MT depolymerizing
activity to the level of the full-length CgMCAK both in vivo
and in vitro (24,46). Hence, neck plus motor domain (A182-
S583) constitutes the minimal MT depolymerase with MT
depolymerizing activity similar to the full-length CgMCAK.
The positively charged neck domain of CgMCAK may
mediate diffusional motility through weak electrostatic
interactions with the negatively charged MT lattice (46).
These electrostatic interactions between the neck and the
negatively charged tubulin C-terminus may also mediate
processivity of CgMCAK-induced MT depolymerization.
Thus, it is the catalytic processivity conferred by the neck
domain that makes CgMCAK an active depolymerizer
under physiological conditions.
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Baculovirus-expressed Kin Is form homodimers (47-49).
However, this dimerization is not essential for Kin
|-mediated depolymerization activity since the minimal
MT depolymerase, the neck plus motor, is a monomer
(24). Kin Is lack an extended o-helical coiled-coil domain,
which serves as a dimerization site for Kin N and Kin C
kinesins. Only a small C-terminal domain of CJMCAK, ~40
C-terminal residues (A611-1648), is predicted to form a
coiled-coil by the PairCoil program (50) and the prediction
(< 50% probability coiled-coil) is relatively weak. Both the
N-and C-terminal domains were shown to be necessary for
CgMCAK kinetochore localization (13,48).

In contrast to the well-documented MT depolymerization
activity of Kin | kinesins, Noda et al. reported that MmKIF2,
a member of Kin | subfamily, generated plus-end directed
motility (47). However, Desai et al. showed that XIKIF2
(which shares 80% identity with full-length MmKIF2 and
95% identity with the neck plus motor region of MmKIF2)
is not able to move MTs but depolymerizes MTs similarly
to the other Kin Is (5). Likewise, CgMCAK has not shown
directed MT gliding motility in standard motility assays [our
unpublished data,(4)]. The MmKif2 fraction, which was
used for motility experiments by Noda et al. (47), was
purified from Sf9 cells by incubating Sf9 cytoplasmic
lysates with MTs in the absence of ATP and eluting
MT-bound proteins with addition ATP - a process that
could also extract endogenous kinesins from Sf9 cells.
Thus, the possible contamination by endogenous plus-
end directed kinesins cannot be excluded in the MmKIF2
motility assay by Noda et al. (47). By analogy to XIKIF2, we
predict that MmKIF2 is an MT depolymerase.

The Kin | subfamily includes both MCAK-like and KIF2-like
kinesin subclusters. The consensus protein sequences
corresponding to either MCAK or KIF2 subclusters are
highly similar but contain some differences, mostly in the
N- and C-terminal tail domains (see online supplementary
material for a protein sequence alignment of the Kin |
subfamily kinesins). HsMCAK (accession #AAC27660)
and HsKIF2 (accession #CAA69621) share 50% identity
and 70% similarity within the full-length sequences and
70% identity and 90% similarity within the neck plus
motor regions. In mammals, both MCAKs and KIF2s are
expressed in the variety of tissues: hemopoietic cells, liver,
kidney, spleen, lung, and brain tissues (22,47,49,51,52).
MmKIF2 and its splice variant, MmKIF2B, are expressed
at higher levels in developing brain and down-regulated in
differentiated neurons and adult brain tissues (49,53). The
expression of MMMCAK was detected in proliferating
mouse myoblasts but was undetectable in differentiated
myotubes as well as adult mouse skeletal muscles (54).
Similarly, HsMCAK was found to decline to undetectable
levels when proliferating monoblastoid cells were differ-
entiated into monocytes (52). These data suggest that
both mammalian KIF2s and MCAKs might be present at
higher levels in proliferating tissues and at lower levels in
differentiated tissues. In addition to the tissues above,
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mammalian MCAKs were also found to be expressed in:
thymus, small intestine, colon, pancreas, ovary, testis,
placenta, and mammary tissues as well as in tumor cell
lines (22,23,562). HsMCAK (KNSL6) expression in colon
cancer tissues and testis is at least 30-40 times the level
detected in other tissues, which indicates a possible role
of this kinesin in tumorgenesis and spermatogenesis (22).
Testis-specific MCAK isoforms have been identified in
humans and rats (55,56). Expression of the rat MCAK testis-
specific isoform, KRP2, is restricted to a meiotically active
region of the seminiferous epithelia in testis (56). While
further experiments are needed to determine whether
the testis-specific MCAK is present only in meiotic cells,
the data above suggest that Kin Is may have important
meiotic function(s) in addition to their role in mitosis.

It is unclear why cells require two highly similar depolymer-
izing kinesins: MCAKSs and KIF2s. So far, both MCAK-like and
KIF2-like proteins have been found in humans, rats, mice and
frogs. MCAK is seen at kinetochores, centrosomes and mid-
bodies in addition to a soluble pool present in nucleoplasm
and cytoplasm. KIF2s appear not to localize to either kineto-
chores or centrosomes but are present in the cytoplasm
(63,57). It is possible that KIF2 might primarily influence the
dynamics of cytoplasmic MT ends, while MCAK influences
both cytoplasmic MT ends and those that are embedded in
centrosomes and kinetochores. MCAK and KIF2 tissue
expression profiles largely overlap, but KIF2s are expressed
at a higher level in developing brain tissues, where they
are enriched in growth cones (49,57), while MCAKs are
up-regulated in testis and proliferative cancer cells (22). It is
not known whether MCAKs and KIF2s undergo cell-cycle
specific regulation so that one is more active during mitosis
while another is active during interphase.

Kin | Kinesins Regulate MT Dynamics
Throughout the Cell Cycle

Kin Is play a major role in regulating MT dynamics in vivo
[summarized in Table 2; reviewed in (58)]. Overexpression
of CgMCAK in mammalian cells resulted in depolymeriza-
tion of cytoplasmic and spindle MTs (24,48). Xenopus egg
extracts depleted of XKCM1, a Xenopus Kin |, showed
abnormally long MTs and 4-fold reduction in MT catas-
trophe frequency (59). In addition, a recent study demon-
strated that physiological MT dynamics can be
reconstituted by combination of purified MTs, XKCM1 and
a MT-end stabilizing protein, XMAP215 (60). Maney et al.
found that CgMCAK influences MT dynamics at mitotic
kinetochores (48). CJMCAK localizes to the kinetochores
in early prophase and remains there throughout mitosis.
Depletion of CgMCAK from kinetochores either by anti-
sense RNA or overexpression of a dominate-negative
motorless mutant resulted in a lagging chromosome pheno-
type, which is likely to be the result of a deficiency in MT
depolymerization activity at the lagging kinetochores during
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Table2: Diverse functions of Kin | kinesins. Representative members of Kin | subfamily are shown. The first two letters of the
motor name refer to the species name: Cg, Cricetulus griseus; X|, Xenopus laevus; Rn, Rattus norvegicus; Ce, Caenorhabditis elegans;
Cf, Cylindrotheca fusiformis

Kin | kinesins

Subcellular localization

Mutant (deficient) phenotype

Functions

lagging chromosomes during
anaphase A in CHO cells

abnormally long spindle MTs and
metaphase chromosome
misalignment in Xenopus egg
extracts (59,61)

loss of the spindle midzone
during anaphase B in C. elegans
embryos (83)

inhibition of spindle elongation
during anaphase B in the diatom
C. fusiformis (84)

CgMCAK spindle poles, kinetochores

and mid-bodies (24,48)

(24,48)

XIKCM1 spindle poles and

kinetochores (59)
CeMCAK spindle poles and

kinetochores (82)
CfDSK1 spindles and spindle

midzone (84)
RnKIF2 enriched in PC12 neurite

growth cones and on

retraction of NGF-induced
PC12 neurites (57)

regulation of MT dynamics
throughout the cell cycle and
depolymerization of kinetochore
MTs during anaphase A in

CHO cells(24,48)

regulation of MT dynamics
throughout the cell cycle and
promoting metaphase
chromosome alignment in
Xenopus egg extracts (59,61,81)

spindle midzone maintenance
during anaphase B (83)

promoting spindle elongation
during anaphase B (84)

promoting growth cone
extension (57)

nonsynaptic vesicle
subtype(57)

anaphase (48). Displacement of XKCM1 from kinetochores
by a dominant-negative mutant caused metaphase chromo-
some misalignment in the Xenopus egg extracts (61). In
addition to kinetochore localization, CJMCAK also localizes
to centrosomes and mid-bodies in cells (48). This localiza-
tion pattern suggests that MCAK could also modulate MT
dynamics at these locations as well. CQMCAK's centro-
somal localization throughout the cell cycle suggests that
it might be a candidate for a MT flux motor.

The importance of dynamic microtubules for proper spin-
dle functioning is well established [reviewed in (31)]. How-
ever, the regulation of microtubule dynamics is likely to be
essential for other motile processes such as growth cone
extension. Exploration of the cytoplasm by dynamic micro-
tubules followed by selective stabilization is an essential
component of the motility mechanism of advancing
growth cones [reviewed in (62)]. Drugs that inhibit MT
dynamics have been shown to reduce neurite extension
(63). Kin | kinesins would be hypothesized to increase
microtubule dynamics in growing neurites. In agreement
with this hypothesis, RnKIF2 appears to be important for
PC12 neurite extension induced by NGF treatment (57).
NGF significantly up-regulates the expression of RnKIF2 in
PC12 cells where RnKIF2 becomes enriched in growth
cones of NGF-induced neurites. Moreover, RnKIF2
antisense oligonucleotides caused neurite retractions in
NGF-treated PC12 cells (57). Interestingly, another MT
destabilizing stathmin-like protein is also up-regulated in
PC12 cells treated with NGF (64). Similarly to the RnKIF2
study, inhibition of stathmin expression by antisense oligo-
nucleotides blocked the NGF-induced neurite outgrowth in
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PC12 cells (65). These data suggest that proteins that
influence microtubule dynamics such as KIF2 and stathmin
are important for neurite extension.

Kin | and Kip 3 Kinesins Constitute Closely
Related but Different Subfamilies

The Schizosaccharomyces pombe SpKlIp5/6 kinesins were
recently found to have similar properties to the Kin | sub-
family kinesins (66-69). However, differences in primary
sequence structure, activity and function have prompted
researchers to give them their own closely related but
distinct subfamily: the Kip 3 subfamily (70,71). SpKlp5/6
were found to localize to kinetochores and also have some
features in common with CENP-E, a plus-end directed
kinesin (66). Depletion of the Kip 3 subfamily kinesins
from yeast cells showed MT-depolymerization deficient
phenotypes (67-69,71,72). Kip 3 kinesins have N-terminally
located motor and C-terminally located neck domains.
The Kip 3 related kinesin from Drosophila, DmKIp67A,
was shown to move MTs in the plus-end direction in an
in vitro motility assay (73). Mutations in the same kinesin,
DmKIp67A, were reported to produce abnormally elong-
ated spindles, a phenotype which is consistent with the
loss of MT destabilization activity (74). Therefore, it is
possible that members of the Kip 3 subfamily of kinesins
are capable of both motile and depolymerizing activities, as
is Kar3. The weak structural and sequence correspond-
ence between the Kin | and Kip 3 kinesin subfamilies
suggests that the mechanism of MT destabilization by
Kip 3 kinesins may be different from that of Kin Is. Detailed
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analysis of the MT destabilizing activities of Kip 3 kinesins
in vitro are required to elucidate the molecular mechanism of
Kip 3-mediated MT depolymerization.

Conclusions

While significant progress has been made recently in elu-
cidating Kin C and Kin | kinesin mechanism and functions in
cells, many important questions remain to be answered:
What are the structural differences between kinesins that
translocate along MTs and kinesins that depolymerize
them? What are the differences and similarities between
molecular mechanisms of MT depolymerizing activities of
Kar3, Kin | and Kip 3 kinesins? What are the functional
differences between MCAK-like and KIF2-like kinesins?
How are Kin Is regulated in cells? The answers to these
questions will help us understand how the unconventional
kinesins were specialized during evolution for their funda-
mental cellular roles.
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Summary

Chromosome orientation and alignment within the mi-
totic spindle requires the Aurora B protein kinase and
the mitotic centromere-associated kinesin (MCAK).
Here, we report the regulation of MCAK by Aurora B.
Aurora B inhibited MCAK's microtubule depolymeriz-
ing activity in vitro, and phospho-mimic (S/E) mutants
of MCAK inhibited depolymerization in vivo. Expres-
sion of either MCAK (S/E) or MCAK (S/A) mutants in-
creased the frequency of syntelic microtubule-kineto-
chore attachments and mono-oriented chromosomes.
MCAK phosphorylation also regulates MCAK localiza-
tion: the MCAK (S/E) mutant frequently localized to the
inner centromere while the (S/A) mutant concentrated
at kinetochores. We also detected two different bind-
ing sites for MCAK using FRAP analysis of the dif-
ferent MCAK mutants. Moreover, disruption of Aurora
B function by expression of a kinase-dead mutant or
RNAI prevented centromeric targeting of MCAK. These
results link Aurora B activity to MCAK function, with
Aurora B regulating MCAK’s activity and its localiza-
tion at the centromere and kinetochore.

Introduction

Accurate chromosome segregation requires the attach-
ment of microtubules from opposing spindle poles to
kinetochores formed on sister chromatids. The Aurora
B kinase and its associated binding partners INCENP
and survivin play a critical role in this process. Mutations
in the yeast Aurora B homolog, Ipl1, generate stably
mono-oriented chromosomes that fail to resolve (He
et al., 2001; Tanaka et al., 2002). In Drosophila and C.
elegans, Aurora B RNAI cells possess aberrant pro-
metaphase-like mitotic spindles that fail to align their
chromosomes on the metaphase plate and subse-
quently develop significant aneuploidy due to chromo-
some nondisjunction (Adams et al., 2001; Giet and
Glover, 2001; Kaitna et al., 2000). Introduction of domi-
nant-negative mutants of Aurora B or small molecule
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inhibitors into mammalian cells causes similar pheno-
types (Ditchfield et al., 2003; Hauf et al., 2003; Murata-
Hori and Wang, 2002). Together, these results suggest
that the Aurora B complex plays a critical role in estab-
lishing bipolar chromosome attachment and that this
function is highly conserved.

Aurora B, INCENP, and survivin all behave as chromo-
some passenger proteins, localizing between sister cen-
tromeres in the inner centromere from late G2 through
to metaphase (Andrews et al., 2003; Carmena and Earn-
shaw, 2003). As chromosome segregation initiates, the
complex leaves the inner centromere and concentrates
on central spindle microtubules where it functions in
cytokinesis. In yeast, the Aurora B/Ipl1p complex phos-
phorylates a number of inner and outer kinetochore pro-
teins (Biggins et al., 1999; Cheeseman et al., 2002; West-
ermann et al., 2003). Aurora B also phosphorylates the
centromere-specific histone H3 variant CENP-A (Zeitlin
et al., 2001), as well as histone H3 localized throughout
the chromosome (Hsu et al., 2000; Murnion et al., 2001).
The concentration of the Aurora B complex at the inner
centromere and its interaction with kinetochore compo-
nents suggest that it may regulate the interactions be-
tween kinetochores and microtubule ends.

One possible substrate for the Aurora B complex is
the Kinl kinesin MCAK. Unlike conventional kinesins, Kin |
family members have their motor domains in the central
portion of the molecule and use the hydrolysis of ATP
to depolymerize microtubule ends (Desai et al., 1999;
Hunter et al., 2003; Hunter and Wordeman, 2000). In
Xenopus egg extracts, depletion of the Xenopus homo-
log XKCM1 decreases the catastrophe rate of microtu-
bule ends and causes chromosomes to misalign on the
mitotic spindle (Walczak et al., 2002, 1996). In mamma-
lian cells, depletion of MCAK by antisense DNA inhibits
anaphase A (Maney et al., 1998). MCAK/XKCM1 is local-
ized to centromeres in early prophase and remains there
throughout mitosis (Walczak et al., 1996; Wordeman et
al., 1999).

A critical unanswered question is how MCAK/XKCM1
activity is regulated. As a regulator of microtubule end
catastrophe, soluble MCAK/XKCM1 can affect the aver-
age length of spindle microtubules in Xenopus egg ex-
tracts (Walczak et al., 1996). However, MCAK/XKCM1
also functions during chromosome alignment (Walczak
et al., 2002), suggesting that the activity of kinetochore-
bound MCAK/XKCM1 might be regulated as chromo-
somes undergo saltatory motion in prometaphase and
metaphase (Rieder and Salmon, 1994; Skibbens et al.,
1993). We have examined the functional interactions
between Aurora B and MCAK and found that the mitotic
Aurora B complexis a critical regulator of MCAK function
in vitro and in vivo.

Results

Spatial Distribution of Aurora B and MCAK

in the Cell Cycle

Independent immunofluorescence studies have pre-
viously shown Aurora B and MCAK localized to centro-
meres of mammalian chromosomes from late prophase
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Figure 1. Aurora B and MCAK Localization in
Hela Cells

Prometaphase and metaphase HelLa cells
stained for human MCAK, Aurora B, tubulin,
and DNA. All images are single optical sec-
tions.

(A) In prometaphase mono-oriented chromo-
somes, Aurora B and MCAK show complete
colocalization.

(B) In metaphase bloriented chromosomes
under tension, MCAK and Aurora B are largely
distinct, with MCAK close to ACA staining
and Aurora B concentrated in the inner cen-
tromere. Line profiles (lower panel) show
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(C) Differences in MCAK and Aurora B local-
ization in prometaphase at high resolution.
Images are from two different chromosomes
from the same prometaphase cell. In mono-
oriented chromosomes (left), sister centro-
meres are closely spaced, while in bioriented
chromosomes (right) they are separated.
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of the cell cycle to until the metaphase-anaphase transi-
tion (Andrews et al., 2003; Carmena and Earnshaw, 2003;
Maney et al., 1998; Walczak et al., 1996). During ana-
phase and telophase, MCAK remains centromere-asso-
ciated while Aurora B relocalizes to the spindle midzone.
We re-examined the localization of Aurora B and MCAK
during prometaphase and metaphase in mitotic HelLa
cells. During prometaphase, Aurora B and MCAK colo-
calized in unattached or mono-oriented (i.e., attached
to kinetochore fibers from one pole only) chromosomes
(Figure 1A). The ACA antigen also localized with Aurora
B and MCAK. By contrast, in chromosomes aligned
along the metaphase plate, MCAK concentrated at two
sites that partially colocalized with ACA staining but that
were distinct from the strictly inner-centromeric localiza-
tion of Aurora B (Figure 1B). MCAK and Aurora B also
colocalized in cells treated with nocodozole and taxol
(data not shown). To further define when the relative
localization of Aurora B and MCAK changed, we exam-
ined prometaphase at high resolution (Figure 1C) and
found two distinct types of Aurora B/MCAK colocaliza-
tion. In centromeres under tension (as judged by the

distance between ACA staining sites [Waters et al.,
1996])), Aurora B and MCAK were only partially coloca-
lized, whereas centromeres not under tension still showed
significant colocalization. The localization of MCAK is
therefore dynamic, initially colocalizing with Aurora B
following assembly of mitotic chromosomes, but then
becoming distinct from Aurora B as tension develops
across sister kinetochores.

Aurora B Phosphorylates MCAK In Vitro

We next tested whether the Aurora B complex might
phosphorylate MCAK in vitro. Recombinant full-length
MCAK was incubated in the presence of *P-y-ATP and
mitotic Aurora B complex isolated from Xenopus chro-
mosomes. We chose this strategy because we have
failed to produce recombinant Xenopus Aurora B com-
plex with the same activity and properties as the mitotic
complex (Murnion et al., 2001; data not shown). Figure
2A shows that MCAK was phosphorylated in vitro by
mitotic Aurora B complex. Kinase activity was not de-
tected toward MCAK using interphase Aurora B or con-
trol IgG beads. To confirm this result, we incubated a
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mixture of recombinant forms of Ipl1p and Sli15p, the
budding yeast orthologs of Aurora B and INCENP, re-
spectively, with recombinant MCAK. Mixing Sli15p and
Ipl1p stimulates Ipl1p kinase activity (Kang et al., 2001).
This mixture produced high levels of MCAK phosphory-
lation (Figure 2B). These results suggested MCAK is
phosphorylated by Aurora B in vitro.

We next identified the sites in MCAK phosphorylated
by the mitotic Aurora B complex. We incubated recombi-
nant MCAK with interphase or mitotic Aurora B complex
and *P-y-ATP, or with recombinant yeast Ipl1p/Sli15p
complex, and then analyzed *P-labeled tryptic peptides
from MCAK by reverse-phase HPLC. The phosphopep-
tides generated with mitotic Aurora B were similar to
those obtained with recombinant yeast Ipl1p/Sli15p
(Supplemental Figure S1 [http://www.developmentalcell.
com/cgi/content/full/6/2/253/DC1). As expected from
MCAK's primary amino acid sequence, trypsin gener-
ated a significant number of very short MCAK peptides,
many of which were radiolabeled. To simplify the profile,
we used Lys-C for proteolytic cleavage. Analysis of Lys-
C-digested MCAK phosphorylated by Aurora B pro-
duced three distinct peaks of radioactivity (Figure 2C),
which were then characterized using a combination of
Edman sequencing and MALDI-TOF (Figure 2D). Peak
1 corresponded to phosphorylation at Ser92, while Peak
2 corresponded to phosphorylation at Ser186. Peak 3
corresponded to phosphorylation at Ser106, Ser108,
and Ser112, but MALDI-TOF analysis showed that all
peptides in this fraction were monophosphorylated, in-
dicating that only one of the three serines was phosphor-
ylated in any single peptide. Comparison of the inte-
grated peak heights from the HPLC analysis indicates
that Peak 3 sites are less efficiently phosphorylated than
Peak 1 and Peak 2 sites.

The Aurora B sites in MCAK conform to the consensus
sequence derived from known Aurora B substrates (Fig-
ure 2E; Cheeseman et al., 2002). All three sites in MCAK
are preceded by one or more K or R residues and often,
but not always, are followed by a hydrophobic residue.
Alignment of the N termini of MCAK and its orthologs
with the closely related Kif2 kinesins reveals that the
Aurora B phosphorylation sites identified here are highly
conserved in all Kinl kinesins (Figure 2F). The Kif2 kine-
sins regulate cytoplasmic microtubules during neurite
extension (Homma et al., 2003). The conservation of
sites in the Kif2's with those identified in MCAK suggests
a conserved mechanism of regulating the activity of
these enzymes.

Aurora B Phosphorylates MCAK In Vivo

In order to test the phosphorylation of MCAK in cells,
we used a synthetic phosphopeptide derived from phos-
phorylation Site 1 in human MCAK (Figure 2E) to gener-
ate novel anti-MCAK antibodies. We used repeated
rounds of affinity purification to isolate antibodies that
specifically recognized MCAK phosphorylated on Ser92
(a-P-Ser92) and antibodies that recognized both de-
phosphorylated and phosphorylated MCAK (a-Ser92).
Figure 3A shows that a-P-Ser92 only recognizes the
phosphopeptide antigen, but not the desphosphopep-
tide in an ELISA assay, while a-Ser92 recognizes both
forms of the peptide. In addition, a-P-Ser92 only recog-
nized MCAK on immunoblots after phosphorylation with

recombinant Ipli1 p/Sli15p (Figure 3B). By contrast, con-
trol antibodies recognized both nonphosphorylated and
phosphorylated forms of MCAK on the same blot. To-
gether, these results suggest that the a-P-Ser92 anti-
body recognizes phosphorylated MCAK.

To examine the phosphorylation state of MCAK in
cells, we performed immunoblots of lysates from control
and nocodozole-arrested HelLa cells with a-P-Ser92.
Figure 3C shows a series of slow-migrating forms of
MCAK enriched in nocodozole-arrested lysates. a-P-Ser92
only recognized the slowest migrating bands, and
showed highest reactivity after nocodozole arrest, sug-
gesting that MCAK phosphorylation is highest in mitotic
cells. Localization of MCAK phosphorylation by immu-
nofluorescence revealed that «-P-Ser92 recognized
centromeric MCAK in prometaphase cells (Figure 3D).
We also noted abundant a-P-Ser92 signal throughout
the cell, suggesting that cytoplasmic MCAK may also
be phosphorylated at Ser92. Both the centromeric and
cytoplasmic signals were blocked with the P-Ser92 pep-
tide but not the Ser92 peptide, confirming the specificity
of a-P-Ser92 in cells.

While we noted an increase in mitotic MCAK phos-
phorylation both on immunoblots and by immunofluo-
rescence (Figures 3C and 3D), closer examination
revealed differences in MCAK phosphorylation across
the centromere. In prometaphase and metaphase cells
transfected with wtMCAK-GFP, we detected similar
amounts of MCAK at sister centromeres and kineto-
chores, yet significant differences in the level of a-P-Ser92
staining (Figure 3E). These differences in antibody stain-
ing may occur due to changes in antigen accessibility
or because of differences in MCAK phosphorylation. We
have never observed systematic asymmetry in MCAK
staining between sister centromeres or kinetochores
with other MCAK antibodies (see Figure 1), suggesting
that the phosphorylation state of MCAK at centromeres
and kinetochores at Ser92 may be dynamic.

We next asked whether in vivo phosphorylation of
MCAK at Ser92 was dependent on Aurora B. Hel.a cells
were treated with nocodozole and transfected with a
siRNA targeted to human Aurora B (see Experimental
Procedures). Aurora B depletion was assayed both bio-
chemically (Supplemental Figure S2) and by immunofiuo-
rescence in single cells. In cells depleted of Aurora B,
the phospho-specific a-P-Ser92 antibody reactivity at
the centromere was largely abolished (Figure 3F). By
contrast, reactivity of the a-Ser92 antibody, which rec-
ognizes both phosphorylated and nonphosphorylated
MCAK (Figure 3B), remained unchanged. This suggests
that phosphorylation of centromeric MCAK at Ser92, a
major site of MCAK phosphorylation in vitro, also occurs
in vivo and is dependent on Aurora B. In addition, after
depletion of Aurora B by RNAI, the migration of MCAK
on a 2D gel changes from pl ~6.5 to pl ~8.5, consistent
with a loss of phosphorylation (Supplemental Figure S2).

Aurora B Phosphorylation Inhibits the Activity

of MCAK

We next assayed whether the phosphorylation of MCAK
by Aurora B affected MCAK's depolymerization activity
in vitro using a microtubule sedimentation assay. In the
absence of MCAK, the vast majority of tubulin from
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taxol-stabilized microtubules sediments in the pellet
(Figure 4A, “P"; lanes 5-8). MCAK incubated with control
beads retained full depolymerization activity (Figure 4A,
“S"; lanes 3 and 4). In contrast, the activity of MCAK
phosphorylated by the immunopurified Aurora B com-
plex was significantly reduced (Figure 4A, lanes 1 and
2), suggesting that in vitro phosphorylation by Aurora B
inhibits the microtubule depolymerizing activity of MCAK.
Similarly, a mixture of recombinant Ipl1p and Sli15p (Kang
et al., 2001) also reduced MCAK's in vitro microtubule
depolymerizing activity (Figure 4B, lanes 1 and 2).

To assess the effect of MCAK phosphorylation in vivo,
we transfected Hela cells with GFP-MCAK constructs
bearing mutations in the phosphorylation sites we iden-
tified in Figure 2 and then measured the amount of poly-
merized tubulin present in transfected cells by immuno-
fluorescence (Ovechkina et al., 2002). Transfection of
GFP fused to wild-type MCAK (wtMCAK) efficiently de-
polymerized most of the microtubules in the cell (Figures
4C and 4D). All constructs bearing single S—A or S—E
mutations efficiently depolymerized microtubules in this
in vivo assay (data not shown). In addition, transfection
with either double S—A mutants or the quintuple S92A/
S106A/S108A/S112A/S186A MCAK, “AAAAA-MCAK,”
caused no detectable effect on microtubule depolymeri-
zation. In contrast, cells transfected with either double
S—E mutations or the quintuple S92E/S106E/S108E/
S112E/S186E MCAK, “EEEEE-MCAK," contained signif-
icantly more tubulin polymer, suggesting that MCAK
proteins bearing these phosphorylation-mimicking mu-
tations are less active than wtMCAK or the various S—A
mutants. Together, these in vitro and in vivo results
suggest that phosphorylation inhibits MCAK catalytic
activity.

Phenotypes and Localization of MCAK
Phosphorylation-Site Mutants

We next assessed the effect of introducing MCAK con-
structs bearing mutations in the Aurora B phosphoryla-
tion sites on the mitotic spindle. In Figures 5A-5C, we
show four representative examples of each construct.
HelLa cells transfected with wtMCAK fused to GFP
formed normal mitotic spindles, with apparently bior-
iented chromosomes and GFP-MCAK localization indis-
tinguishable from the endogenous protein (Figure 5C).
Transfection of cells with either AAAAA-MCAK (Figure
5A), or EEEEE-MCAK (Figure 5B), produced aberrant

mitotic figures with frequent misoriented chromosomes.
In cells expressing AAAAA-MCAK, we observe a signifi-
cant increase in monopolar chromosomes and chromo-
somes with apparently syntelic (both kinetochores attached
to same pole) or monotelic kinetochore-microtubule at-
tachments (one kinetochore attached to microtubules
from one pole). Expression of EEEEE-MCAK caused a
high frequency of mitotic figures with poorly aligned
chromosomes that were often clustered on the periph-
ery of the mitotic spindle (Figure 5B). Cytological analy-
sis of mitotic progression revealed that EEEEE-MCAK
increased the frequency of prometaphase figures, whereas
AAAAA-MCAK increased the frequency of metaphase fig-
ures (Figure 5D).

Since MCAK localization normally changes from the
inner centromere to the inner kinetochore during pro-
metaphase (Figure 1), we determined the localization of
the different MCAK mutants. AAAAA-MCAK often local-
ized away from the inner centromere, closer to ACA
staining, even in prometaphase figures where MCAK is
normally localized to the inner centromere (Figure 5E,
see also Figure 1). In contrast, EEEEE-MCAK localized to
the inner centromere even in metaphase chromosomes
where MCAK normally localizes to the inner kinetochore
(Figure 5E). The visual impression gained in Figure 5E
is quantified in Figure 5F. We conclude that multiple
MCAK binding sites may be present on chromosomes
and MCAK's association with these sites depends on
its phosphorylation state.

We next used fluorescence recovery after photo-
bleaching (FRAP) of the MCAK mutants to determine if
the phosphorylation state of MCAK affects its associa-
tion with centromeres and kinetochores in living cells.
We bleached GFP-MCAK and then examined the recov-
ery of fluorescence, to assay the association of the dif-
ferent MCAK mutants with centromeres and kineto-
chores. wtMCAK, EEEEE-MCAK, and AAAAA-MCAK
all recovered rapidly, although the recovery rate for
AAAAA-MCAK was noticeably slower (Figures 6A-6C).
We noted that wtMCAK recovers more slowly on aligned
chromosomes (Figure 6D, blue bars) than on unaligned
chromosomes (Figure 6D, red bars), suggesting a change
in the affinity of MCAK for the centromere/kinetochore
as chromosomes align. Although we do not have suffi-
cient resolution or fiduciary marks in this live cell
experiment to distinguish centromere- and kinetochore-
associated populations of MCAK, our localization data

Figure 2. Aurora B Phosphorylation of MCAK In Vitro

(A) Autoradiograph of SDS-PAGE gel of recombinant full-length MCAK phosphorylated in the presence of *P-ATP using Aurora B immunoprecip-
itated from Xenopus mitotic chromosomal eluate (MCE), Aurora B from Xenopus interphase chromosomal eluate (ICE), control immunoprecipita-
tions from MCE and ICE, or crude MCE or ICE alone. As a further control, MCAK alone was Incubated in kinase buffer in the presence of *P-ATP.
(B) Autoradiograph of SDS-PAGE gel of recombinant full-length MCAK phosphorylated in the presence of *P-ATP using active recombinant
Ipl1p/SIi15 complex. Myelin basic protein Is included as a control (right lane). Weakly phosphorylated bands present in all lanes are derived

from Sli15p.

(C) Recombinant hamster MCAK was phosphorylated with mitotic Aurora B and digested with LysC endoproteinase. Peptides were separated

by RP-HPLC and the three radioactive peptides peaks isolated.

(D) Radiolabeled phosphopeptides were identified by MALDI-TOF (see Supplemental Table S1) and the position of the phosphorylated residue(s)
determined by solid-phase Edman sequencing, monitoring release of radioactivity at each cycle.

(E) Comparison of MCAK phosphorylation sites with known Aurora B substrates (Cheeseman et al., 2002).

(F) Alignment of conserved Aurora B phosphorylation sites (red), and basic (green) and hydrophobic residues (blue) in Kinl kinesins. The
alignment of Xenopus XKCM1 with its mammalian orthologs in the region of Site 2 differs from that previously published (Walczak et al., 2002).
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Figure 3. a-Phospho-Ser92 Antibodies Show Aurora B-Dependent MCAK Phosphorylation In Vivo

(A) Specificity tests of affinity-purified o-P-Ser92 and «-Ser92 antibodies. Upper panels, ELISAs with P-Ser92 peptide (blue), Ser92 peptide
(pink), Histone H3 Ser10 peptide (yellow). Lower panels, ELISAs after preblocking antibodies.

(B) «-P-Ser92 antibody detects full-length recombinant MCAK only when MCAK has been phosphorylated in vitro with Ipl1p/Sli15p (right-
hand panel). Control antibodies are polyclonal sheep «-MCAK Ab and «-Ser92.

(C) «-P-Ser92 antibody recognizes only lower mobility MCAK species in Western blots of whole-cell extracts of asynchronous Hel.a cells or
Hel.a cells arrested with nocodazole for 16 hr. «-Ser92 antibody reacts with all MCAK species on identical blots.
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Figure 4. Aurora B-Mediated Phosphorylation Inhibits the Microtubule Depolymerization Activity of MCAK In Vitro and In Vivo

MCAK was incubated with Aurora B complex immunoprecipitated from MCE with «-Aurora B beads or with control beads (A) or with recombinant
Ipl1p-Sli15p complex.

(B) Taxol-stabilized microtubules (1500 nM) were added to the phosphorylation reactions containing 24 nM MCAK dimer and 1 mM ATP and
incubated for 10 min at RT and then analyzed by sedimentation assay. % tubulin released into the supematant is shown as mean * o (N =
3). In each case, the upper band on the gel is MCAK and the lower band is tubulin.

(C) In vivo analysis of GFP-MCAK and phosphorylation site mutants. CHO cells were transfected with MCAK or MCAK mutants and then fixed
and stained for tubulin. Cells were quantified for microtubule loss as described previously (Ovechkina et al., 2002). Total MCAK protein was
measured by GFP fluorescence (white bars). Total tubulin polymer was measured by indirect immunofiuorescence (black bars).

(D) Images of typical GFP-MCAK-transfected CHO cells used for measurements shown in (C).

(D) «-P-Ser92 antibody recognizes centromeric MCAK in fixed HelLa cells (left). Upper panels are grayscale images of P-Ser92 staining; lower
panels are merged images showing DNA (blue), tubulin (green), and P-Ser92 (red). Preblocking with Ser92 peptide had no effect on MCAK
reactivity (middle), whereas preblocking with P-Ser92 abolished MCAK reactivity (right).

(E) Hel.a cells transfected with wtMCAK-GFP were fixed and stained with «-P-Ser92. P-Ser92 can be detected asymmetrically across sister
centromeres/kinetochores. Scale 1 um.

(F) Aurora B-dependent phosphorylation of MCAK at Ser92. Hela cells were treated simultaneously with nocodazole (to prevent MCAK
delocalization; see text and Figure 7) and Aurora B siRNA (see Experimental Procedures), for 16 hr. Cells were fixed and stained for DAPI
(blue), Aurora B (green), MCAK (red; either a-Ser92 or «-P-Ser92), and ACA (not shown on merged Iimage, far right-hand panel in grayscale).
Arrows Indicate Aurora B-depleted cells. «-P-Ser92 staining is lost in cells depleted of Aurora B while «-Ser92 Is not affected. Scale, 5 um.
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Figure 5. Expression of Phosphorylation-Site Mutants Causes Aberrant Mitotic Phenotypes

Hela cells transfected with wtMCAK and mutant MCAK plasmids were fixed and stained for tubulin (red) and DNA (blue).

(A) AAAAA-MCAK expression causes accumulation of cells with monopolar chromosomes (arrowheads; panels I-lll) and syntelic attachments
(arrows; panel IV).

(B) EEEEE-MCAK expression causes aberrant metaphase figures reminiscent of Aurora B or BubRI RNAI (this study; Ditchfield et al., 2003;
Hauf et al., 2003) where chromosomes are clustered around a bipolar spindle (panels | and IIl) as weli as irregularly formed mitotic spindles
(panel Ii; yellow arrow) and syntelic attachments (panel IV; arrows).

(C) wtMCAK expression results in normal metaphase figures.

(D) Analysis of cell cycle position and spindle phenotypes after expression of different forms of MCAK.

(E) Localization of MCAK mutants (green) with respect to ACA staining (red) and DNA (blue). AAAAA-MCAK was found mainly to reside outside
the ACA-stained region even in prometaphase (see inset). EEEEE-MCAK mainly is found between ACA-pairs even in metaphase cells (see inset).
(F) Quantitation of MCAK localization using ACA antigen staining as a fiduciary marker. The results shown are the average of two experiments
(N = 60 cells). MCAK was categorized as either absent from ACA domains; overlapping with ACA where sister centromeres are not under
tension; between separated ACA pairs in sisters under tension; overlapping or distal to separated ACA pairs, but asymmetrically localized;
or overlapping with separated ACA pairs, but symmetrically localized. In prometaphase, AAAAA-MCAK is predominantly localized distal or
overlapping with separated ACA pairs. In metaphase, EEEEE-MCAK Is predominantly localized in between ACA pairs.

(Figure 1) suggest that this difference in MCAK associa- showed a less pronounced difference between aligned
tion mirrors a difference in localization. We were unable and unaligned chromosomes (Figure 6D). This result,
to find a large number of EEEEE-MCAK transfected cells together with EEEEE-MCAK's preferential localization
that successfully entered mitosis, but those we studied to the inner centromere in fixed cells (Figure 5E) and
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Figure 6. FRAP Analysis of Association of
wtMCAK and Phosphorylation-Site Mutants
(A=C) Images before bleaching (-2.0 s), im-
mediately after the photobleach event (0.06 s),
during recovery (1.0 s), and later in the time
course (14.7 s). Graphs show percent fluores-
cence recovery versus time for each protein.
Dotted lines show the measured data; solid
lines show the modeled recovery. (A) wtMCAK.
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wtMCAK's observed behavior in fixed cells, leads us to
speculate that EEEEE-MCAK's faster recovery time is
due to its inner-centromeric localization. By contrast,
AAAAA-MCAK on aligned chromosomes clearly showed
a significantly slower fluorescence recovery rate com-
pared to wtMCAK (Figure 6D). Consistent with AAAAA-
MCAK's localization distal to the inner centromere in
fixed cells (Figure 5E), our FRAP data suggest the pres-
ence of a second MCAK binding site. We therefore pos-
tulate the existence of at least two different binding

sites for MCAK on chromosomes, whose properties are
differentially sensitive to the phosphorylation state of
MCAK.

Aurora B Disruption Delocalizes MCAK

from Centromeres

Aurora B is required for the localization of dynein,
CENP-E, and BubR1 and therefore is a critical regulator
of kinetochore function (Ditchfield et al., 2003; Hauf et
al., 2003; Murata-Hori etal., 2002). To determine if Aurora
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B is required for MCAK localization, we transiently
expressed the “kinase-dead” KR mutant of Aurora B,
which causes defects in chromosome movement, spin-
dle structure, and dynein/CENP-E localization (Murata-
Hori et al., 2002). Cells were transfected with CFP fused
to either wt Aurora B or Aurora B (KR) and cotransfected
with YFP-MCAK (YFP-FL MCAK) or a construct bearing
a deletion of the MCAK motor domain (YFP-ML MCAK;
Ovechkina et al., 2002). After transfection with CFP-
Aurora B, YFP-FL MCAK localization was indistinguish-
able from the endogenous protein (Figure 7A). In cells
transfected with CFP-Aurora B (KR), YFP-FL MCAK was
not concentrated at the inner centromere in either pro-
metaphase or metaphase cells, but was found in the
cytoplasm and on the spindle and spindle poles (Figure
7A). A similar effect was observed on endogenous
MCAK (data not shown). YFP-ML MCAK was also largely
delocalized by CFP-Aurora B (KR) (Figure 7A), but a
relatively small population did appear to remain associ-
ated with centromeres/kinetochores, the significance of
which is currently unclear. These results suggest that
Aurora B kinase activity is required for inner centromere
targeting of MCAK and that this localization is largely
independent of the MCAK motor domain and hence the
microtubule depolymerization activity of MCAK.

To confirm our observations with the Aurora B (KR)
mutant, we depleted Aurora B by RNAI in HelLa cells
and assayed MCAK localization. Figure 7B shows repre-
sentative prometaphase and metaphase cells from four
independent experiments, 12-18 hr posttransfection us-
ing Aurora B siRNA or control (scrambled) siRNA du-
plexes. Aurora B and MCAK levels were quantified in
single cells using digital fluorescence imaging (see Ex-
perimental Procedures) and in cell lysates by immuno-
blotting (see Supplemental Figure S2). In Aurora
B-depleted cells, we detected no significant change in
total cellular MCAK (Figure 7B; also see Supplemental
Figure S2). However, after Aurora B depletion, MCAK
was no longer concentrated at the inner centromere/
kinetochore, but instead was localized throughout the
cytoplasm and on the mitotic spindle.

Previous work has shown that the loss of CENP-E and
dynein from kinetochores after expression of Aurora B
(KR) depends on the presence of microtubules (Murata-
Hori et al., 2002). To determine if MCAK’s behavior is
similar, we added nocodozole to cells after transfection
with Aurora B siRNA or Aurora B (KR) cDNA. In cells
depleted of Aurora B (Figure 3F) or expressing Aurora
B (KR) (data not shown), MCAK still localized to centro-
meres. We conclude that MCAK's dependence on Au-
rora B for localization is likely to be similar to other
critical kinetochore effectors.

Interfering with Aurora B function causes defects in
spindle morphology and chromosome alignment on the
metaphase plate (Figure 7C; Andrews et al., 2003; Car-
mena and Earnshaw, 2003). A chromosome alignment
defect was also observed after microinjection of anti-
XKCM1 antibodies into mitotic cells (Kline-Smith and
Walczak, 2002). To determine if Aurora B RNAI affected
microtubule stability within the mitotic spindle, we mea-
sured the amount of tubulin polymer at kinetochores by
immunofiuorescence. Tubulin polymer at kinetochores
increased significantly after Aurora B RNAI (Figure 7D),

suggesting increased microtubule stability at the kineto-
chore in the absence of Aurora B and MCAK. By con-
trast, there was no detectable difference between con-
trol RNAI and Aurora B RNAI cells in the total amount
of tubulin polymer in mitotic spindles (data not shown).
This suggests that delocalized MCAK did not signifi-
cantly change the global level of tubulin polymer. The
proportion of MCAK localized to centromeres in normal
mitotic cells represented 33.5 * 4.9% of the total cellular
MCAK. It seems unlikely that this population, if released
into the cytoplasm, would produce a significant change
in tubulin polymer levels. Finally, Aurora B RNAI leads
to a significant decrease in average centromere-centro-
mere distances compared to control cells, most likely
because loss of Aurora B delocalizes MCAK and other
factors required for force generation at the kinetochore.
The observed decrease in tension after Aurora B deple-
tion is significant, but less than in taxol-treated HelLa
cells (see Figure 7E, legend). This partial relief of tension
may be due to presence of other kinetochore factors
that engage microtubules, or alternatively that residual
MCAK generates this result.

Discussion

In this study, we present evidence that the centromeric
Kinl kinesin MCAK is a substrate for the Aurora B protein
kinase during mitosis. Aurora B phosphorylated five
conserved serines in the N terminus of MCAK in vitro.
A phospho-specific antibody against one of these sites
demonstrated Aurora B-dependent MCAK phosphoryla-
tion in vivo. Phosphorylation by Aurora B inhibits
MCAK's microtubule depolymerizing activity in vitro,
and mutagenesis of MCAK phosphorylation sites inhib-
its the activity of MCAK in vivo. Aurora B and MCAK
colocalize on mitotic centromeres before establishment
of bipolar attachment, but become spatially separated
when centromeres are under tension at metaphase. The
phosphorylation-site mutants concentrate at different
locations, either within the inner centromere or at the
inner kinetochore, and their expression in cells leads
to defects in chromosome biorientation. Disruption of
Aurora B function decreases MCAK phosphorylation
and leads to a microtubule-dependent loss of MCAK
from the inner centromere, increased kinetochore mi-
crotubule density, and decreased tension across sister
centromeres, These data establish a direct link between
Aurora B activity and MCAK function at the centromere
and kinetochore.

MCAK Is Phosphorylated In Vitro and In Vivo

by Aurora B

Our results demonstrate the phosphorylation of a Kinl
kinesin and identify MCAK as a critical downstream ef-
fector of the Aurora B kinase. MCAK was phosphory-
lated by Aurora B at two sites in the N terminus and one
in the neck region. These sites are conserved in most
Kinl kinesins and represent good consensus Aurora B
phosphorylation sites. Using a phospho-specific anti-
body, we demonstrated that Ser92 is phosphorylated in
vivo, in an Aurora B-dependent manner. Interestingly,
we detected asymmetry in phospho-specific antibody



Aurora B Regulation of MCAK
263

A YFP-MCAK
Transfected with CFP-Aurora B Transfected with CFP-Aurora B(KR)

B c

< Aurora B

=

[+ o)

=)

-

3

P

=

[+ 4

(14}

o

e

-

<

Control RNAi Auron B RNAI

D E

Kt-MT density

B Control RNAI
M Aurora B RNAI

Frequency (%)
AT e

Metaphase Kt-MT
density (% control)
8

000 028 080 ors 100 128 1.%0 175 200 228 2.50 s 300

S
Aurora B Control ACA-ACA distances (microns)
RNAI RNAJ

Figure 7. Disruption of Aurora B Function Delocalizes MCAK

(A) Kinase-dead Aurora B (KR) mutant expression results in loss of MCAK from centromeres. CHO cells were transfected with CFP-Aurora B
(left) or CFP-Aurora B (KR) (right). Tubulin (red), YFP-MCAK or YFP-motoriess (ML) MCAK (green), and DNA (blue). In all panels, CFP-Aurora
B has been omitted for clarity. Images are maximum intensity projections of deconvolved 3D data sets.

(B) Aurora B RNAI causes MCAK delocalization from the inner centromere. Tubulin (red), DNA (blue). Top, control RNAI-treated mitotic cell.
Bottom, Aurora B RNAI-treated cells. Images are single optical sections of 3D deconvolved data sets acquired under identical conditions and
scaled identically.

(C) Spindle structure is aberrant in Aurora B RNAI cells. Aurora B-depleted cells were stained for Aurora B (not shown), tubulin (red), and DNA
(blue). Maximum-intensity volume projections were generated from 3D deconvolved data sets. Images show typical spindles for control cells
(left panel) or Aurora B RNAI cells (right panel) viewed from two different angles; the lower image is rotated about the x axis by 90°,

(D) Aurora B RNAI increases density of microtubules at kinetochores. Graph shows mean *+ o of total background-corrected fluorescence in
a 9 x 10 pixel box located adjacent to the kinetochore (N = 30).

(E) Aurora B RNAI causes reduced sister centromere tension. Centromere-centromere distances in metaphase cells measured using ACA-
ACA distance (N = 20 cells). Control RNAI, 1.34 + 0.60 pum (N = 496); Aurora B RNAI 0.89 = 0.45 um (N = 270). Note that this latter value is
significantly higher than that obtained in Hela cells treated with taxol (Trinkle-Mulcahy et al., 2003), suggesting that tension is reduced,
not eliminated.
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reactivity across sister centromeres in mitosis, sug-
gesting that phosphorylation of this site could be dy-
namic.

Phosphorylation at Ser186 occurs in the basic neck
region of MCAK, a domain postulated to form a weak
electrostatic interaction with the acidic C terminus of
tubulin. The neck region may mediate diffusional motility
of MCAK on the microtubule lattice (Hunter et al., 2003;
Niederstrasser et al., 2002; Ovechkina et al., 2002).
Phosphorylation of MCAK by Aurora B might therefore
reduce the basic charge in this critical domain and thus
disrupt key electrostatic interactions between MCAK
and the carboxy-terminal tail of tubulin. Indeed, phos-
phorylation of MCAK by Aurora B inhibits MCAK micro-
tubule depolymerization activity in vitro, and mimicking
phosphorylation with point mutants inhibits depolymeri-
zation in vivo. Whether the four other phosphorylation
sites we have identified all affect MCAK in the same
way is not yet clear. In our in vivo microtubule depoly-
merization assay (Figure 4), EEEEE-MCAK showed less
activity that any of the double or single S—E mutants.
However, it seems likely that further biophysical and
functional analyses will reveal separable functions of
the individual sites.

The conservation of these Ser residues in other Kinl's
suggests a general mechanism for regulating the func-
tion of these enzymes. Indeed, a Ser or Thr residue
is often C-terminal to the K-loop in several Kifl's, so
phosphorylation may be acommon mechanism for mod-
ulating K-loop function. Recently, the targeting of the
chromosome-associated kinesin Kid has also been
found to depend on phosphorylation (Ohsugi et al.,
20083), suggesting that cell cycle-dependent posttrans-
lational modification may be a common mechanism for
targeting microtubule motors.

MCAK Phosphorylation Determines Localization

to Centromeres and Kinetochores

Using two different approaches, we have identified dis-
tinct binding sites for MCAK at centromeres and kineto-
chores. In fixed cells, AAAAA-MCAK often localizes to
a domain near the ACA antigen even in prometaphase,
whereas the EEEEE-MCAK often remains in the inner
centromere between ACA sites, even in metaphase cells
(Figure 5E), suggesting that MCAK's phosphorylation
status governs its preference for centromeres or kineto-
chores. Consistent with this, in living cells, we find that
the FRAP recovery times of wtMCAK differ on aligned
and unaligned chromosomes, which may mirror the lo-
calization differences between prometaphase and
metaphase observed in fixed cells (Figure 1). AAAAA-
MCAK recovers much more slowly than wtMCAK, sug-
gesting a second binding site with different binding
properties. In contrast, EEEEE-MCAK always recovers
quickly, possibly reflecting this mutant’s preference for
occupancy of an inner centromere binding site, as ob-
served in fixed cells (Figure 5E). Thus, the association
of MCAK with different binding sites may depend on
MCAK phosphorylation. ICIS, a recently discovered
MCAK targeting factor, is likely to be the receptor for
at least one of these sites (Ohi et al., 2003).

MCAK Phosphorylation in Biorientation

and Mitosis

Aurora B is required for the establishment of bipolar
orientation and may be involved in resolving syntelic
attachments on mitotic chromosomes (Hauf et al., 2003;
Tanaka et al., 2002). As disruption of MCAK function
by microinjection of anti-MCAK antibodies (Kline-Smith
and Walczak, 2002) or transfection of MCAK phosphory-
lation site mutants into mitotic cells (Figures 5A-5D)
causes similar chromosome alignment defects as in-
terfering with Aurora B function, it seems possible that
Aurora B promotes biorientation and possibly syntelic
resolution through MCAK. A major unresolved question
is how Aurora B, MCAK, and ICIS collaborate to pro-
mote correct chromosome biorientation. Incorrect (e.g.,
syntelic) attachments may be selectively destabilized
through MCAK's microtubule depolymerase activity. Al-
ternatively, oscillatory chromosome movements driven
through microtubule end depolymerization may help
promote correct orientation. MCAK may be only one of
many Aurora B targets involved in this process. Other
studies have shown that disruption of Aurora B by RNAI,
or by expression of Aurora B (KR), leads to loss of kineto-
chore CENP-E and cytoplasmic dynein (Murata-Hori et
al., 2002), and to loss of kinetochore BubR1 and Mad2
(Ditchfield et al., 2003). Delocalization of MCAK from
centromeres using an N-terminal dominant-negative
fragment of MCAK does not affect CENP-E localization
(Walczak et al., 2002), implying Aurora B separately di-
rects the centromere targeting, and thus the function of
MCAK and CENP-E. It therefore appears that Aurora B
directs two separable pathways, one involving MCAK
localization and function, and a second involving
CENP-E and BubR1.

Protein Phosphorylation

and Chromosome Dynamics

It is clear that the relative localization of Aurora B and
MCAK changes during prometaphase (Figure 1). Fur-
thermore, once attached to the mitotic spindle, chromo-
somes display dynamic oscillatory movement, indicat-
ing rapid changes in microtubule dynamics (Rieder and
Salmon, 1994; Skibbens et al., 1993). We speculate that
the relative positions of Aurora B and MCAK in the inner
centromere and kinetochore could permit the switching
of directional movement by asymmetrically altering local
microtubule dynamics. Indeed, we find that Aurora B
phosphorylates MCAK asymmetrically across meta-
phase centromeres (Figure 3G). This notion Is attractive
when one considers the recent discovery that protein
phosphatase 1 (PP1), which antagonizes Aurora B (Hsu
et al., 2000; Sassoon et al., 1999) and also regulates its
activity (Murnion et al., 2001), is localized to the outer
kinetochore in metaphase (Trinkle-Mulcahy et al., 2003).
An additional level of control of depolymerizing activity
may be afforded by modulating the affinity of MCAK
for the different centromere/kinetochore binding sites
through phosphorylation. The dynamic balance of phos-
phorylation of motors such as MCAK mediated by Au-
rora B and PP1 might then regulate the dynamic move-
ments of chromosomes in the mitotic spindle. Moreover,
it will be important to determine whether MCAK phos-
phorylation affects the dynamics of mono-oriented
chromosomes in living cells.
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Figure 8. Model for the Regulation of MCAK by Aurora B in Mitosis

We propose a model for the role of Aurora B in regulating of MCAK activity during biorientation and throughout the process of chromosome
congression, adapted from a previous suggestion (Tanaka et al., 2002). First, MCAK Is targeted to the centromere by Aurora B phosphorylation.
MCAK activity is inhibited by Aurora B phosphorylation, thereby increasing the probability that microtubule capture will result in stable
kinetochore-microtubule interactions. MCAK activity is likely not completely inhibited, allowing it to destabilize incomrect (e.g., syntelic)
attachments. After bipolar attachment initiates, the bioriented sister centromeres are under tension and the distance between them increases.
MCAK separation from Aurora B favors its dephosphorylation, possibly by kinetochore-targeted PP1. Dephosphorylated MCAK would lose
affinity for its inner-centromere binding site and gain affinity for its inner-kinetochore binding site concomitant with an increased catalytic
activity, causing an increase In tension across the sister centromeres and full catalytic activity in anaphase.

Our finding that a phospho-mimic MCAK mutant is
concentrated at the inner centromere and a nonphos-
phorylatable MCAK mutant is at the kinetochore, cou-
pled with the observation that loss of Aurora B results
inthe appearance of MCAK on the spindle microtubules,
suggests that inner-centromeric MCAK is phosphory-
lated and localized by its proximity to Aurora B in the
absence of tension (Figure 8). At this point, MCAK activ-
ity is inhibited, possibly to prevent reversal of the initial
microtubule-kinetochore attachments. Once bipolar at-
tachment is established, MCAK and Aurora B are physi-
cally separated, MCAK phosphorylation decreases due
to its proximity to PP1, and MCAK switches its affinity
from centromeres to kinetochores/microtubule ends.
Concomitantly, MCAK activity increases, allowing it to
participate in force generation at the kinetochore.
Whether this change in localization causes the MCAK
microtubule depolymerase to switch from an error cor-
rection activity to a force generation machine can now
be tested.

Experimental Procedures

Materials and Cell Culture

General laboratory reagents were purchased from Sigma or Merck.
Microcystin-LR was the generous gift of Dr. C. MacKintosh (Univer-
sity of Dundee). HeLa cells were maintained in DMEM supplemented
with 10% FBS (Sigma), 2 mM glutamate, and 10 U/ml Penicillin/
Streptomycin at 37°C, 5% CO,. Sheep anti-hamster MCAK poly-
clonal antiserum was produced via standard immunization and
bleeding protocols (Pocono Rabbit Farm & Laboratory Inc., Cana-
densis, PA) using purified baculovirus-expressed hamster MCAK

(Maney et al., 1998), affinity purified with immobilized bacterially
expressed human MCAK (Ovechkina et al., 2002).

Immunofiuorescence Microscopy
For iImmunofiuorescence, cells grown on coverslips were fixed after
washing once in 37°C PBS by incubation in 3.7% formaldehyde/
PBS (pH 6.8) for 2 times 5 min at 37°C. Cells were permeabillized in
PBS-0.1%Triton X-100 for 10 min at 37°C. Cells were blocked in
AbDIl (Cramer and Desal, 1995) supplemented with 0.1% normal
donkey serum for 1 hr at room temperature. Anti-AIM1 (HsAurora
B) monoclonal antibody (BD Blosciences) was used at 1:200 dilution.
Affinity-purified sheep anti-human MCAK polycional antibody was
diluted to 1 pg/ml. Rat anti-a-tubulin (Serotec) was used at a 1:500
dilution. Human CREST autoantisera (ACA; the generous gift of Pro-
fessor Bill Eamshaw, University of Edinburgh) was diluted 1:10,000.
All second antibodies (labeled with either FITC, Texas-Red, TRITC,
or Cy5) were purchased from Jackson Laboratories,

3D data sets were acquired using a MicroMax cooled CCD camera
(5 MHz: Roper Scientific), on a DeltaVision Restoration Microscope
(Applied Precision, LLC, WA), built around a Nikon TE200 Eclipse
stand with a 100 x/1.4NA PlanApo lens, or using a CoolSnap HQ
cooled CCD camera on a DeltaVision Spectris Restoration Micro-
scope built around an Olympus 1X70 stand, with an a 100 x/1.4NA
lens (Applied Precision, LLC, WA). Optical sections were recorded
every 0.2 um, and 3D data sets were deconvolved using the con-
strained iterative algorithm (Swedlow et al., 1997; Wallace et al,,
2001) implemented in SoftWoRx software (Applied Precision LLC).
Image data were quantified using SoftWoRx software. Kinetochore
tubulin density was quantified in single optical sections using a
9 x 10 pixel box positioned at the plus end of kinetochore fibers.
Integrated pixel intensities were measured for over 20 individual
fibers in control and Aurora B RNAI cells. ACA-ACA distances were
measured for clearly distinguishable metaphase centromere pairs
lying along the pole-to-pole axis, using individual optical sections
from 3D data sets from a large number of control and Aurora B
RNAI cells.
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Phospho-Specific Antibody Generation and Characterization
Phospho (CIQKQKRRS(Phos)VNSKIPA) and dephospho (CIQKQKR
RSVNSKIPA) MCAK peptides encompassing the Ser92 phosphory-
lation site were synthesized and purified by Dr. G. Bloomberg (Uni-
versity of Bristol, UK). Phospho-Ser92 peptides were coupled to
KLH (Calbiochem, UK) using standard protocols (Field et al., 1998)
and used to immunize sheep (Diagnostics Scotland, UK). Phospho-
and dephospho-peptides were coupled to Affigel 10 active ester
agarose (BioRad) using lodoacetic acid N-Hydroxy-succinamide es-
ter as described (Field et al.,, 1998). Serum was diluted 1:1 with
TBS/0.1% Triton X-100, filtered, and repeatedly (5x) applied to a
dephospho-peptide column. After washing with TBS and TBS/TX-
100, antibodies were eluted with 0.2 M glycine (pH 2.6), and 0.1 M
NaCl and immediately neutralized. Fractions containing antibody
were pooled and dialyzed overnight against TBS. The flowthrough
from the dephospho-peptide column was applied to the phospho-
peptide column and then washed as above. Phospho-specific anti-
body was eluted as described above. For ELISA, serial dilutions
(ranging from 100 pM to 0.001 pM; in 50 mM sodium carbonate
buffer [pH 9.5]) of phospho-peptide, dephospho-peptide, or control
Histone H3 serine 10 peptide were coated onto 96-well plates
washed extensively (PBS, 0.05% Tween 20), blocked with 0.1%
BSA/PBS, and washed (PBS, 0.05% Tween 20), and then diluted
purified antiserum (1 pg/ml) was added to each well for 2 hr at room
temperature. Bound antibody was detected with diluted (1:5000)
anti-sheep-HRP conjugate and TMB solution (Sigma). Assay was
read at 450 nm in a plate reader. To pre-block antibody with either
the phospho-peptides or dephospho-peptide, 1 pg antibody was
incubated with 0.5 mM peptide on ice for 1 hr prior to its addition
to the ELISA. The antibodies were tested by Westem blotting recom-
binant MCAK that had previously been either mock phosphorylated
or phosphorylated by recombinant Ipl1 p/Sli15p. Antibody specificity
was similarly tested in fixed Hel.a cells by preblocking antibody (10
g Ab with 5 mM peptide).

Fluorescence Recovery after Photobleaching

Fluorescence recovery after photobleaching (FRAP) on wild-type
and phosphorylation site mutant GFP-MCAK was performed on
Hela cells 18-24 hr after transfection with GFP-wtMCAK and GFP-
AAAAA-MCAK and GFP-EEEEE-MCAK plasmids. All experiments
were conducted using a FRAP-enabled DeltaVision Spectris (as
above) fitted with a 10 mW 488 nm solid-state laser. The laser was
focused to a diffraction-limited spot and spot bleaching performed
with a single 50 ms stationary pulse at 90% laser power. The first
image was acquired approximately 50 ms after the bleach event.
For the first second, images were acquired every 150 ms, for the
following 2 s every 300 ms, then at 800 ms intervals in the following

ATP (10 mCi/ml; specific activity > 5000 Ci/mmol), 0.2 mM cold
ATP, 1 x XBE2, 5 mM MgCl,, and 1 uM Microcystin-LR, for 1 hr at
22°C, with shaking. Kinase reactions were terminated with Laemmli
sample buffer, heated to 70°C for 6 min, and subjected to SDS-
PAGE. After electrophoresis, gels were stained with Coomassie and
destained and MCAK bands were excised. Phosphorylation site
analysis was performed (Lizcano et al., 2002), except for the use of
LysC for enzymatic digestion in order to determine MCAK phosphor-
ylation sites more readily.

2D Gel Electrophoresis

To detect modification of human MCAK in Aurora B/control RNAI-
treated Hel.a cells (see below for detalls), whole-cell extracts (Feijoo
et al., 2001) were prepared in the presence of phosphatase inhibi-
tors, TCA precipitated, and rehydrated in sample buffer supple-
mented with 50 mM DTT and appropriate ampholytes. Isoelectric
focusing was performed overnight using a BioRad Protean IEF Cell
System, employing pH 6~11 Immobiline DryStrip isoelectric focusing
strips (Amersham PLC). Proteins were separated in the second di-
mension on NUPAGE 4%-12% Bis-Tris IPG gels (Novex) run in
MOPS buffer (Novex). 2D gels were blotted onto Protrans nitrocellu-
lose membrane (Schieicher and Schuell). ECL was used for immu-
noblot detection (Amersham, PLC).

Microtubule Depolymerization Assays

Baculovirus-expressed 6His-hamster MCAK (Maney et al., 1998)
was phosphorylated by incubation at 22°C for 90 min in 20 pl of 8
mM K-HEPES (pH 7.7), 65 mM KCI, 40 mM sucrose, 6 mM MgCl,,
4 mM K-EGTA (pH 7.7), 60 mM Imidazole, 1 mM DTT, 0.2 mM ATP,
1 uM Microcystin-LR (Sigma), and 0.03% Triton X-100 In the pres-
ence of Aurora B complexes precipitated with rabbit «-Aurora B Ab-
protein A-agarose beads (or rabbit IgG-protein A-agarose beads).
Microtubule depolymerization was performed as described pre-
viously (Maney et al., 2001; Ovechkina et al., 2002). pEGFP-CgMCAK
(pYOY71) was made by subcloning of BspE1-Hindlll CgMCAK cDNA
into pEGFP-C1 vector (Clontech). CQMCAK mutants were made
by overlapping PCR mutagenesis using PfuTurbo DNA polymerase
(Stratagene) and sequenced. CHO cells were cultured and trans-
fected as described previously (Maney et al., 2001; Ovechkina et
al., 2002).

Transfection and Imaging of Aurora B (KR)

Rat Aurora B and Aurora B (KR) were excised from GFP-Aurora B
and GFP-Aurora B (KR) (a kind gift of Yu-Li Wang) and ligated into
ECFP-N1 (Clontech). Full-length hamster MCAK was excised from
pYOY71 (described above) and ligated into EYFP-C1 (Clontech).

8 s, after which images were acquired every 1.5 s for the remainder
of the experiment. Recovery models were generated and half-times
calculated using the method of Axelrod (Axelrod et al., 1976) as
implemented within SoftWoRXx software. Centromeres were individ-
ually targeted for photobleaching and categorized as either aligned
(congressed) or unaligned (noncongressed).

Aurora B Kinase Isolation, In Vitro Phosphorylation,

and Phosphorylation Site Identification

Mitotic and interphase chromatin eluates (MCE and ICE, respec-
tively) were prepared from in vitro-assembled Xenopus (Mumion et
al., 2001; Swedlow, 1999) and used as a source of cell cycle-regu-
lated Aurora B kinase activity. Aurora B complex was immunoprecip-
itated from MCE or ICE using an affinity-purified rabbit anti-Xaurora
B polyclonal antibody raised against a peptide (CTTPSSATAAQRVL-
RKEP) in the N terminus of Xenopus Aurora B conjugated to KLH
(Field et al., 1998). This antibody recognizes a single band on West-
ern blots and iImmunoprecipitates active Aurora B-INCENP complex
from MCE and inactive Aurora B-INCENP complex from ICE (Mur-
nion et al., 2001; data not shown). Control immunoprecipitations
were performed in parallel using normal rabbit IgG bound to Affiprep
Protein A beads. Bacterially expressed and purified Ipl1p-GST and
Sli15p-GST were the generous gifts of N. Rachidi, University of
Dundee. For in vitro phosphorylation studies, 2-4 || Aurora B kinase
beads were incubated with 0.2 j.g recombinant hamster MCAK (Ma-
ney et al., 2001), in a 20 pl reaction buffer containing 2 ! [y-*P]

Motorless MCAK was excised from GFP-ML-MCAK (Maney et al.,
1998) and ligated to EYFP-C1 (Clontech). CHO cells were cotrans-
fected with CFP-Aurora or CFP-Aurora B (KR) in combination with
either YFP-MCAK or YFP-ML MCAK. The cells were cultured for 16
hr, fixed in 1% glutaraldehyde in PBS for 20 min, and reduced in
5% NaBH,/PBS for 20 min. Microtubules were labeled with DM1
(Sigma) and Texas Red-conjugated secondary antibodies.

RNAI

A 21 nt siRNA (AAGAGCCUGUCACCCCAUCUG: Dharmacon Re-
search Inc., USA) comresponding to position +149 — +169 of the
human Aurora B (STK12) coding sequence was used for Aurora B
RNAI, depleting Aurora B protein levels by more than 75% In less
than 24 hr. Lamin A/C siRNA and a scrambled random siRNA duplex
(Dharmacon Research, Inc.) were used as controls. For RNAI, HeLa
cells were seeded onto 13 mm coverslips and grown ovemight
in medium without antibiotics. Transfection was performed using
Oligofectamine (Invitrogen, Inc.) using 60 pmol siRNA per well fol-
lowing manufacturer's protocols. Coverslips were fixed at intervals
between 5 and 48 hr posttransfection and processed for immunofiuo-
rescence. The siRNA duplex used significantly decreases Aurora B
protein levels within 10 to 24 hr in single cells (data not shown).
Previously, we have characterized the dynamic range of our micro-
scope system and shown that we can accurately measure relative
intensities over ~2.5 orders of magnitude with a coefficient of varia-
tion of ~6%-9% (Swedlow et al., 2002). We have used this capability
to accurately measure the depletion of Aurora B, as detected by
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immunofiuorescence and score phenotypes in single cells with Au-
rora B levels <1% of control cells. The mean depletion of Aurora B
assayed by quantifying fluorescence in single cells was 76.9 *
19.6% (N = 15; also see Supplemental Figure $2), which was similar
to the value obtained from immunoblots of whole-cell lysates, sug-
gesting that immunofiuorescence, at least in this case, can be used
to quantify Aurora B levels in fixed cells. Images for Aurora B RNAI
and control RNAI cells were acquired and processed under identical
conditions. For analysis of protein levels on 2D gels, the RNAI treat-
ment was scaled up using 900 pmol siRNA duplexes.
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Abstract Mitotic-centromere-associated kinesin (MCAK) is a
member of the KIN I (internal motor domain) subfamily of
Kinesin related proteins. MCAK and its homologues destabilize
microtubules both in cells and in vitro. Here, we analyzed the
effects of MCAK in the presence and absence of ATP on the
dynamic instability behavior of steady state microtubules
assembled from purified HeLa cell tubulin. In the presence of
ATP, substoichiometric levels of full length MCAK and a
segment (A182) consisting of the motor and neck domains
strongly increased the catastrophe frequency of the microtubules.
These data demonstrate that MCAK is a microtubule-catastro-
phe promoting factor in vitro, and support the hypothesis that
MCAK may serve as a catastrophe-promoting factor in cells.
© 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.

Keywords: Microtubule dynamic instability; Regulation of
microtubule dynamics; Catastrophe promoting factor

1. Introduction

Dynamic instability, the switching at microtubule ends
between growth and shortening [1-3], is critical for many
microtubule-mediated cellular processes including chromo-
some movements during mitosis and the development of cell
polarity [4,5]. Although dynamic instability is an intrinsic
property of microtubules composed solely of tubulin, the
dynamic instability behavior of microtubules in cells is con-
siderably greater than that of microtubules composed of pure
tubulin in vitro [6-10]. Specifically, microtubules assembled
from purified HeLa cell tubulin in vitro display highly at-
tenuated dynamic instability behavior, indicating that the
robust dynamic instability behavior displayed by micro-
tubules in dividing cells is created by regulatory proteins
[10].

" Corresponding author. Fax: +805-893-8094.
E-mail address: wilson@lifesci.ucsb.edu (L. Wilson).
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% Fax: +206-685-0619.

A protein that appears to destabilize microtubules and in-
crease microtubule dynamic instability in cells is mitotic-cen-
tromere-associated kinesin (MCAK) a member of the KIN I
(internal motor domain) subfamily of kinesin-related proteins
[11,12]. Unlike most other kinesins that utilize ATP hydrolysis
to move along microtubules, MCAK and its KIN I family
members exhibit no motile activity [12-16]. Instead, they in-
duce microtubule depolymerization in vitro in an ATP de-
pendent manner [14,17] and in cells [16,18-20]. Specifically,
incubation of MCAK with taxol- or GMPPNP stabilized mi-
crotubules in vitro induces depolymerization [16,17,19], as
does the overexpression of MCAK in CHO cells [16,18].
Furthermore, immunodepletion or inactivation of XKCM]1
(the Xenopus homologue of MCAK) by antibody addition in
frog extracts induces the formation of abnormally long non-
dynamic microtubules, supporting the idea that one of
XKCMI’s functions is to increase the dynamic instability of
microtubules [13]. Direct analysis of the changes in the dy-
namics of axoneme-seeded microtubules incubated in the im-
munodepleted frog extracts revealed a 4-fold decrease in the
catastrophe frequency (switching from growth to shortening),
supporting the idea that XKCMI might have catastrophe-
promoting activity in cells [13]. In further support of this idea,
overexpression of XKCMI1 in PtK2 interphase cells enhanced
the catastrophe frequency by 4.5-fold [20].

The effects of MCAK and its homologues on the dynamic
instability of non-stabilized microtubules in vitro in the ab-
sence of other regulatory proteins at steady state have not been
described. Thus, we determined the effects of MCAK on the
individual dynamic parameters at plus ends of purified steady
state microtubules in vitro, using highly purified HeLa cell
microtubules, which exhibit intrinsically tempered dynamics.
We found that substoichiometric quantities of full length
MCAK potently and selectively increased the plus-end catas-
trophe frequency in an ATP-dependent manner, supporting
the hypothesis that MCAK binds to the plus ends to convert
the microtubule from a growing or attenuated (paused) state to
a shortening state. In contrast to the ATP-dependent eflects of
MCAK on the catastrophe frequency, MCAK reduced the
microtubule polymer mass in the absence of ATP. Thus, the
ability of MCAK to destabilize microtubules (decrease poly-
mer mass) and act as a catastrophe-promoting factor may be
brought about by more than a single mechanism.

0014-5793/822.00 © 2004 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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2. Materials and methods

2.1. MCAK expression, HeLa cell tubulin purification, determination of
MCAK concentrations

Full-length hamster MCAK (FL-MCAK) was expressed in baculo-
virus and purified as previously described [18]. The hamster MCAK
motor domain and the A182 fragment were bacterially expressed and
purified as described in [19]. Purified HeLa cell tubulin was isolated as
described by Newton et al. [10]. HeLa cell tubulin and the MCAK
proteins were exchanged into 80 mM Pipes, 1 mM MgCl,, 1 mM
EGTA, 0.5% NP-40, and 60 mM KCI, pH 6.8 [BRB80], by concen-
trating the solutions in a Biomax-30 centrifugal filter (Millipore) and by
centrifugation in a Sorvall centrifuge (SS34 rotor, 10000 rpm, 4 °C).
Aliquots of the protein solutions were frozen in liquid nitrogen and
stored at =70 °C until use. The concentrations of active FL-MCAK
dimer, A182, and the motor domain negative control were determined
by measuring their ATP binding activities [21]. The ratios of active (able
to bind ATP) to inactive (unable to bind ATP) for FL-MCAK, A182,
and the motor domain were 1:5. FL-MCAK activity is reported as a
dimer (two ATP binding sites per dimer), while the protein concen-
trations of A182 and the core motor domain proteins are reported as
the monomers [21]. MCAK inhibits microtubule polymerization and
thus two criteria were used to determine the concentrations of the
MCAK proteins used for the dynamics experiments; the highest con-
centration at which we obtained adequate numbers and lengths of as-
sembled microtubules, and the concentration at which we could detect a
change in dynamic instability behavior as compared with the inactive
motor domain control. Tubulin concentration was determined by the
Bradford method using bovine serum albumin as the standard [22].

2.2. Determination of HeLa cell microtubule dynamic instability in the
presence of full-length MCAK, A182, and the MCAK Motor
Domain

Samples containing 15.5 pM tubulin and 58.9 nM FL-MCAK, 3.5
nM A182 or 30 nM core MCAK motor domain (see Fig. 1) were mixed

with 0.5 mg/ml casein in BRB80 buffer containing | mM GTP and 1

mM DTT and incubated on ice for no more than 15 min. ATP, when

used, was added at a final concentration of 2 mM. Flow-through

chambers were assembled with double-stick tape and pre-cleaned glass
coverslips and slides. Diluted Strongylocentrotus purpuratus axonemes
were flowed through the chambers and after incubation on ice for §
min, unattached axonemes were washed out by addition of 5 mg/ml
casein in BRB80 buffer and slides were further incubated to allow
binding of casein to the chamber surfaces. The chambers were then
washed with BRB80 buffer. The pre-mixed sample containing HeLa
cell tubulin and MCAK was then flowed through the chamber and
sealed with 1:1:1 vasoline, lanolin, and paraffin. The slide was placed

on a pre-warmed (35 °C) differential interference contrast (DIC) mi-

croscope stage and incubated for 30 min to reach steady-state. Indi-

vidual microtubules were then imaged and analyzed at 35 °C as

previously described [10].

1 253 732
rmcax B RN HENARE
182 253 58
Amg2 i
253 583

Motor domain

E] Coil-coil
. Motor domain

Fig. 1. Schematic showing the different MCAK constructs used. FL is
full-length Hamster MCAK (732 amino acids). A182 is a truncated form
of MCAK which contains the motor domain and the region amino-
terminal to the motor domain (amino acids 182-583). The motor do-
main is the core motor domain of MCAK only (amino acids 253-583).
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3. Results

3.1. Effects of MCAK on the Dynamic instability of HeLa cell
microtubules

In an effort to understand MCAK’s role as a regulator of
microtubule dynamics, we analyzed the effects of three MCAK
constructs in the presence and absence of 2 mM ATP on the
dynamic instability behavior of steady state microtubules
composed of HeLa cell tubulin (15.5 uM). These microtubules
display intrinsically tempered dynamic instability behavior
[10], making them very useful for analysis of regulators that
increase dynamics. The concentration of active FL MCAK
dimer (Fig. 1) chosen for use in this study was 59 nM. This
concentration was the highest concentration that yielded suf-
ficient polymer mass and microtubule lengths for analysis. We
also analyzed the effects of a fragment called A182 at 3.5 nM
using the same criteria for choice of concentration (containing
the core motor domain between residues 253 and 583 and a
region near the amino-terminus from residue 182 to 253 called
the “neck domain™) and, as a negative control, a fragment
consisting only of the core motor domain (30 nM) which is
devoid of microtubule depolymerizing activity [16,19] (Fig. 1).

Life-history traces showing length changes with time of
microtubules assembled in the presence of 2 mM ATP with the
inactive core motor domain, FL-MCAK, and A182, are shown
in Fig. 2. The traces demonstrate that microtubules assembled
with the inactive core motor domain (Fig. 2A) display minimal
dynamic instability behavior, as do control HeLa cell micro-
tubules composed solely of tubulin (data not shown) [10]. In
contrast with microtubules assembled from brain tubulin,
microtubules assembled from highly purified HeLa cell tubulin
rarely display growth or shortening or transitions to shorten-
ing (catastrophes) [10]. By comparison, both FL-MCAK
(Fig. 2B) and the active A182 fragment (Fig. 2C) significantly
increased the catastrophe frequency.

The eflects of the three MCAK constructs on the individual
steady state dynamic instability parameters in the presence and
absence of 2 mM ATP are shown quantitatively in Table 1.
Neither FL-MCAK nor A 182 significantly changed the growth
or shortening rates as compared with the inactive motor do-
main, nor did they induce significant differences in the mean
length grown per growth event or the mean length shortened
per shortening event (99% confidence level, Student’s 7 test).
However, both FL-MCAK and the active A182 fragment
significantly increased the catastrophe frequency. Specifically,
low ratios both of dimeric FL-MCAK and monomeric A182
(1/263 moles of active FL-MCAK/mole of tubulin and 1:4428
moles of Al82/mole of tubulin) increased the catastrophe
frequency by ~7-fold (from 0.03 min ' with the inactive motor
domain to 0.2 min ', both with FL-MCAK and A182, Table
1). Interestingly, the monomeric A182 exerted much more
potent catastrophe promoting activity than the dimeric FL-
MCAK, as 16.8-fold more FL-MCAK exerted the same ca-
tastrophe-promoting activity as A182. In addition, it appears
that both FL-MCAK and A182 decreased the rescue fre-
quency (frequency of transitions from shortening to either
growth or an attenuated state) by 61% and 46%, respectively
(Table 1). As a result of the increased catastrophe frequency,
microtubules in the presence of FL-MCAK and A182 spent
~88% more time shortening than in the presence of the motor
domain control (Table 1). In addition, as would be expected
with a factor that increases the catastrophe frequency thereby
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Fig. 2. Life-history traces of individual axoneme-seeded Hela cell
microtubules. Panel A, microtubules incubated with the core motor
domain (30 nM). Panel B, microtubules incubated with FL-MCAK
(58.9 nM). Panel C, microtubules in the presence of A182 (3.5 nM).
The tubulin concentration was 15.5 uM.

increasing the rate tubulin would appear in the soluble
pool, MCAK and A182 increased the percentage of time
the microtubules grew (by 33% and 21%, respectively)
(Table 1). Finally, FL-MCAK and A182 increased the dy-
namicity (overall detectable growth and shortening per unit
time) by ~2.5-fold as compared to the motor domain control
(Table 1).

Table 1
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3.2. The catastrophe promoting activity of MCAK and A182
requires ATP

The catastrophe-promoting activity of FL-MCAK and
A182 MCAK requires ATP (Table 1), confirming suggestions
of previous studies [14,17,23]. In the absence of any added
ATP, the catastrophe frequency with FL- MCAK or A 182 was
no different than the catastrophe frequency with the core
motor domain (Table 1). These experiments also show that
GTP, which was present at a concentration of | mM, could not
substitute for ATP.

3.3. Microtubule length changes in the presence of MCAK

In preliminary experiments we found that MCAK and
A182, but not the motor domain which had similar lengths and
numbers of microtubules as buffer alone (unpublished data),

Microtubule length (jum)

FL MCAK FL MCAK
no ATP

Al182 Al182

no ATP

Motor
domain

Fig. 3. Average microtubule length for axoneme-seeded HeLa cell
microtubules. The microtubules were measured in the following con-
ditions (shown left to right), in the presence of the core motor domain
(1:520 mole of motor domain: mole of tubulin), in the presence of FL-
MCAK (1:260 mole of FL-MCAK: mole of tubulin) + ATP, and in
the presence of A182 (1:4400 mole of A182: mole of tubulin) + ATP.

Dynamic instability parameters of HeLa cell microtubules in the presence of MCAK's core motor domain, A182 and FL-MCAK

A182 (no ATP)

Parameter Motor domain (plus ATP) FL (plus ATP) FL (no ATP) A182 (plus ATP)
Rate (pm/min)
Growing 039+04 0.38+0.2 0.36+0.3 042+0.3 0.324+0.2
Shortening 234498 16.5+9.4 18.3+6.3 134+7.8 13.9+11.6
Mean length (pm/event)
Growing 0.6+04 0.7+04 0.6+0.5 0.5+0.3 0.5+0.3
Shortening 1.1+0.9 1.5+1.3 1.1+£04 0.9+0.6 09+04
Transition frequencies (min~')
Catastrophe 0.03 0.2 0.04 0.2 0.03
Rescue 20.0 7.8 15.4 10.7 111
Percentage of time
Growing 33.0 49.1 26.2 413 30.7
Shortening 0.2 1.6 0.2 1.8 0.3
Attenuated 66.8 493 73.6 56.9 69.0
Dynamicity (pum/min) 0.17 0.45 0.14 0.41 0.14

Changes in lenglh_at_l-";)-iﬁs ends of microtubules assembled with 15.5 uM HeLa cell tubulin in the presence of 30 nM MCAK core motor domain, 58.9
nM FL-MCAK and 3.5 nM A182 were measured for a total of 205, 160 and 153 min, respectively. Values are shown as means + S.D. The rates and
mean lengths were not significantly different (99% confidence level, Student’s ¢ test).
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reduced the lengths and numbers of microtubules assembled at
the ends of axonemal seeds. Thus, to measure the effects of
MCAK and A182 on the dynamic instability of microtubules,
we chose to use the highest concentration of FL-MCAK and
A182 that still yielded adequate numbers and lengths of mi-
crotubules at the ends of the seeds (59 nM FL-MCAK and 3.5
nM A182). At the concentrations used, MCAK and A182 re-
duced the lengths of the microtubules in the presence of ATP.
Surprisingly, the microtubule lengths were also reduced in the
absence of ATP (Fig. 3). For example, MCAK reduced the
mean length to a similar extent, by 37%, either in the presence
or absence of ATP. MCAK and A182 also reduced the number
of microtubules polymerized at the ends of the axoneme-seeds
either in the presence or absence of ATP as compared with the
number of microtubules assembled in the presence of the
motor domain control (data not shown).

4. Discussion

Previous work from a number of laboratories has shown
that MCAK and other members of the Kin I family of internal
motor domain kinesins, including XKCMI1 and the neuronal
family member XKIF2, do not “walk”™ along microtubules as
do most other kinesins, but rather, destabilize microtubules
apparently by acting at the microtubule ends [14,16-20].
MCAK and its homologues bind to microtubules preferen-
tially at their ends [14,17,23] and their localization at the ki-
netochores of mitotic chromosomes and at spindle poles
during mitosis places them near the ends [11,18,20]. Consid-
erable evidence indicates that MCAK induces microtubule
depolymerization both in cells [16,18] and in vitro [16,17,19].
In addition, evidence both in cells and with microtubules re-
constituted in vitro has suggested that MCAK homologues
can act as catastrophe-promoting factors [15,20]. For example,
overexpression of XKCMI in PtK2 cells increases the catas-
trophe frequency of microtubules [20] and depletion or inhi-
bition of XKCMI in Xenopus egg extracts induces formation
of large asters with abnormally long, non-dynamic microtu-
bules [13]. The strongest direct evidence indicating that an
MCAK homologue is a bona fide catastrophe factor was ob-
tained under non-steady state conditions [15]. However, in
order to demonstrate unambiguously that MCAK is a bone
fide catastrophe factor, it is necessary to measure the catas-
trophe promoting activity under conditions in which the mi-
crotubules are at or near steady state, with the soluble tubulin
concentration constant. For example, under non-steady state
conditions, a tubulin-sequestering factor would decrease the
soluble tubulin concentration, which would result in net mi-
crotubule disassembly and induce a transient increase in the
catastrophe frequency.

In the present study, we analyzed the effects of MCAK and
A182, consisting of the motor and neck domains, on the in-
dividual dynamic instability parameters of microtubules as-
sembled to steady state in the presence of the Kin I proteins.
We used microtubules that were assembled from highly puri-
fied tubulin, from dividing cells, and thus a normal substrate
for MCAK. Finally, the microtubules were analyzed in the
absence of any other regulatory proteins, so the effects of
MCAK alone could be determined with microtubules that in
the absence of MCAK display highly tempered dynamic in-
stability behavior. We find that MCAK acts as a potent mi-
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crotubule catastrophe-factor in vitro, increasing the switching
frequency from the growing or attenuated (paused) state
without exerting significant effects on the rate or extent of
steady state growth or shortening.

4.1. Catastrophe promoting activity of MCAK and A182 at
steady state in vitro

In the presence of inactive MCAK motor domain, the pu-
rified HeLa cell microtubules rarely switched from the growing
or an attenuated state to shortening (Table 1, 0.03 per min, or
only once every 33 min). Essentially, the same catastrophe
frequency was obtained with steady state HeLa cell microtu-
bules in the absence of any regulatory proteins (1 every 50 min)
[10]. In contrast, only 1 molecule of FL-MCAK dimer per 263
molecules of tubulin increased the catastrophe frequency by
~6.7-fold to ~ once every 5 min. The MCAK-induced increase
in the catastrophe frequency was not high enough to cause an
increase in the soluble tubulin level and thus increase the
growth rate. These results further support the conclusion that
the microtubules were at a true steady state. The observed
reduction in the rescue frequency in the presence of MCAK is
probably not meaningful because the time the microtubules
spent shortening was exceedingly small and the lengths of the
microtubules were short, making it difficult to accurately
measure transitions from shortening to growth. In accord with
the observation that FL-MCAK increased the catastrophe
frequency, it also increased total visibly detectable tubulin
subunit exchange (dynamicity), which resulted from an in-
crease in the percentage of time the microtubules spent
shortening and growing (Table 1). Thus, it is clear that MCAK
potently increases the catastrophe frequency of HeLa cell mi-
crotubules in vitro.

It is interesting to note that the catastrophe frequency of
HelLa cell microtubules in the presence of MCAK is still quite
low compared to the catastrophe frequency of microtubules in
living cells [5,9]. While we do not know the concentration of
active MCAK at microtubule ends in cells, the data support
the idea that multiple regulatory factors must be necessary to
achieve not only the high catastrophe frequency of cellular
microtubules but also the fast rates of growth [5-10]. Addi-
tional studies involving the combination of multiple microtu-
bule regulatory factors and purified HeLa cell microtubules
would help provide further insight into the regulation of mi-
crotubule dynamics in cells.

4.2. A182 is a more potent catastrophe-promoting factor than
FL-MCAK

Like full-length dimeric MCAK, the monomeric A182 in-
creased the catastrophe frequency of the microtubules without
significantly affecting the growth or shortening rates (Table 1).
Surprisingly, A182 was much more potent than full-length
MCAK (Table 1). Specifically, more than 16 times the amount
of full-length MCAK than A182 was needed to elicit a similar
increase in the catastrophe frequency. One possible explana-
tion for the increased potency of A182 is that it is a monomer
rather than a dimer, and that the monomer is more potent than
the dimer. Another possibility is that the missing regions of
A182 play a regulatory role in MCAK's catastrophe-promot-
ing activity. A recent study by the Wordeman lab has shown
that the C-terminal end of FL-MCAK inhibits lattice-stimu-
lated ATPase activity of the motor supporting the idea that
protein regions outside the truncated MCAK (A182) play a
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regulatory role (unpublished data, Ayana Moore and Linda
Wordeman). Future studies involving a detailed analysis of the
relationship between MCAK structure and its catastrophe-
promoting activity should help resolve this issue.

4.3. Reduction in the microtubule polymer mass by MCAK

Consistent with previous studies [14,20], MCAK reduced the
length of the axoneme-seeded steady state microtubules by
36% and A182 reduced the length by 64% (Fig. 3). In addition
to the reduction in the length of the microtubules, there was
also a reduction in the number of microtubules assembled
from the seeds. Surprisingly, the reduction in the mean lengths
and microtubule number occurred both in the presence and
absence of ATP, while the catastrophe-promoting activity only
occurred in the presence of ATP. One possible reason for the
reduction in microtubule mass could be that MCAK was
binding to soluble tubulin inactivating or sequestering it. In
support of this idea, several studies have shown that MCAK is
capable of binding to tubulin dimers. For example, Desai et al.
[14] showed that MCAK homologues could bind tubulin di-
mers in the presence of AMPPNP. In addition, soluble tubulin
is capable of stimulating the ATPase activity of MCAK [17,23]
further supporting the idea that MCAK is capable of binding
to tubulin dimers. There are several plausible reasons for why
MCAK might bind to soluble tubulin in our dynamics assays.
One reason is that the binding of MCAK to tubulin dimer in
the absence of nucleotide is a step in MCAK’s enzymatic
pathway. Moores et al. [23] proposed that MCAK homologues
in a nucleotide free (inactive) state allow MCAK to search for
a “productive binding site” such as the terminal tubulin dimers
of capped microtubules. It is thought based on this model that
soluble GTP-tubulin would have similar structural attributes
to terminal tubulin dimers at the microtubule ends. Finally, we
cannot rule out the possibility that the enzymatically inactive
fraction of the MCAK in this work (unable to bind ATP) se-
questers tubulin in a non-physiological manner.

4.4. How might MCAK increase the catastrophe frequency?
We found that the catastrophe-promoting activity of FL-
MCAK and A182 was dependent on the presence of ATP
(Table 1). To test whether ATP hydrolysis was necessary for
MCAK’s catastrophe promoting activity, we also analyzed the
effects of MCAK on the catastrophe promoting activity in the
presence of the non-hydrolyzable ATP analogue, AMPPNP (2
mM). The catastrophe-promoting activity of MCAK in the
presence of AMPPNP was the same as in the absence of ATP,
suggesting that ATP hydrolysis is necessary for MCAK’s mi-
crotubule catastrophe-promoting activity (data not shown).
These results are consistent with those of Hunter et al. [17] who
found that ATP hydrolysis is necessary for MCAK’s depoly-
merizing activity, and are consistent with the hypothesis of
Moores et al. [23] that the hydrolysis of ATP is required for
converting a growing microtubule end to a shortening end.
Several studies have led to the idea that MCAK and its ho-
mologues destabilize microtubules by inducing a conforma-
tional change at the end of a microtubule, which promotes
microtubule shortening [14,23]. Our results also support the
idea that MCAK destabilizes microtubules by acting at mi-
crotubule ends. Perhaps, MCAK specifically binds to the sta-
bilizing tubulin-GDP-Pi or GTP cap, converting it to the
strained rapidly disassembling tubulin-GDP form [24]. The
observed increase in the catastrophe frequency of HeLa cell
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microtubules in the presence of MCAK must be due to the
binding of MCAK to the microtubules. Furthermore, ex-
tremely small quantities of MCAK were capable of increasing
the catastrophe frequency, suggesting that MCAK’s destabi-
lizing activity is the result of MCAK binding at microtubule
ends. Quantitatively, based on our data and experimental
conditions, only | molecule of FL-MCAK was present for ev-
ery 263 tubulin dimers (both soluble tubulin and in microtu-
bules), suggesting that for a microtubule that is 3 um in length
(1690 dimers/um) there would be ~9 molecules available per
microtubule end, indicating that only a few molecules of
MCAK are needed to elicit catastrophes at the ends of micro-
tubules. In summary, the data indicate that MCAK is a potent
ATP-dependent catastrophe factor, which mechanistically
binds to and destabilizes microtubule ends in vitro, supporting
the idea that MCAK is a catastrophe-promoting factor in cells.
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Abstract:

Mitotic Centromere-Associated Kinesin (MCAK) is a microtubule (MT) destabilizing
molecular motor. Here we show that the final eight amino acids of MCAK’s carboxy-
terminus (C-terminus) inhibit lattice-stimulated ATPase activity of the motor.
Surprisingly, loss of this C-terminal “tail” (MCAK-Q710) leads to more rapid
depolymerization of MTs relative to full length MCAK (wt-MCAK). Biochemical and
microscopic assays revealed that MCAK-Q710 bound to the MT lattice with higher
apparent affinity as compared to wt-MCAK. End-stimulated depolymerization was
similar for both enzymes. These data suggest that lattice-bound MCAK can increase the
rate of MT depolymerization but at an energy cost. The function of MCAK’s C-terminus
may be to selectively inhibit lattice-stimulated ATPase activity resulting in limited
interactions of the motor with the MT lattice. This increases the coupling between ATP

hydrolysis and tubulin dimer release, but it also limits MT depolymerization.
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Introduction:

The kinesin superfamily consists of motor proteins that convert chemical energy, through
ATP hydrolysis, into physical work [1-4]. These motors are involved in a wide range of
cellular functions such as vesicle transport along MT tracks, signal transduction, and MT
polymer dynamics [1, 2, 5]. Mitotic Centromere Associated Kinesin (MCAK, the hamster
orthologue of mouse Kif2C [6, 7]) belongs to the Kin I (Internal motor domain) or M-
type [6] subfamily of kinesin-related proteins and shares a highly conserved ATP-
hydrolyzing motor (head) domain with other members of this subfamily [2, 8]. Unlike
many other kinesins, which transport cargo along the surface of MTs, MCAK and its
homologues depolymerize them [9-12]. This activity is critical for proper cell division

[10, 13-15] and in modulating interphase MT dynamics [10, 11].

In the presence of ATP, purified MCAK and its homologues are very efficient
microtubule (MT) depolymerizers. However, where on the MT and when, exactly,
MCAK hydrolyzes ATP is still a matter of debate. Because MCAK localizes
preferentially to the ends of stabilized MTs in the presence of a non-hydrolysable form of
ATP (AMP-PNP) [9], one current model suggests that MCAK associates loosely with the
lattice of MTs, perhaps through electrostatic interactions, and then translocates via one-
dimensional diffusion to the MT ends where depolymerization takes place [9, 16, 17].
MT destabilization (in the form of protofilament peels) occurs even in the presence of
AMP-PNP when the stoichiometry of Kin I motor to tubulin in polymer is high [18].
These data led researchers to propose that the sole purpose of ATP hydrolysis is to trigger

the dissociation of the terminal tubulin dimer [9, 17].

In contrast to MCAK, conventional kinesin translocates along the MT lattice using a
mechanism that is tightly coupled to ATP hydrolysis [19, 20]. Conventional kinesin
exists in two different conformations, compact/folded and unfolded [21]. Folding is
promoted by an interaction between the C-terminus and the head/neck region. In the
folded state, ATP hydrolysis is inhibited [22, 23]. Irrespective of the striking functional
differences, we show here that when the C-terminus of MCAK is truncated, MT-
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stimulated ATPase activity is increased. Interestingly, the MT depolymerization rate is
increased both in vivo and in vitro in the absence of the C-terminus. Truncated MCAK
(MCAK-Q710) binds with higher apparent affinity to the MT lattice as compared to the
full-length protein (wt-MCAK). These results suggest that inhibition of lattice ATPase by
the C-terminus may be a fundamental property of N-type and M-type kinesins.

We propose that the C-terminus of wt-MCAK, analogous to conventional kinesin, acts as
a selective inhibitor of ATP hydrolysis that negatively influences the protein’s interaction
with the MT lattice. For MCAK, the tail may inhibit a process we call “lattice priming,”
in which the motor becomes tightly coupled to the MT lattice during specific stages of
the ATP hydrolysis cycle. As the MT ends approach, active motors present along the
lattice can participate in depolymerization thus affording the system more effective
depolymerization as it mitigates the limitations of the simple diffusive end targeting of

the wild type motor.
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Materials and Methods

Constructs
MCAK constructs were made by ligating MCAK PCR products (from pOPRSVICAT-
GFP-MCAK [15]) with TOPO NT-GFP fragments (Invitrogen Corp., Carlsbad, CA).

Deletions were confirmed by DNA sequencing.

Cell culture, transfection and immunofluorescence

Cells were cultured, fixed and immunofluorescently labeled as described [11]. For cells
cultured in the presence of paclitaxel, 15uM paclitaxel was added 2 hours into the
transfection (using Lipofectamine, Carlsbad, CA) and maintained 20 hours until fixation.
Tubulin was labeled with mouse anti-tubulin DMla (Sigma ImmunoChemicals, St.
Louis, MO) and Texas Red anti-mouse (Jackson ImmunoResearch, Inc., West Grove,
PA). Analysis was done with a Nikon FX-A microscope equipped with a 60X/1.4 NA
Plan Apo oil objective. Digital images were acquired with a Sensys cooled CCD camera
(Photometrics, Tucson, AZ) controlled by QED camera software (QED Imaging, Inc.,
Tucson, AZ).

Quantitation of MT depolymerization in vivo

GFP:MCAK fusion constructs were transfected into CHO cells and cultured in the
presence of 15uM paclitaxel for 20 hours. Cells were then fixed and labeled with DM1a..
Digital images were acquired using a cooled CCD camera. Images of transfected cells
were collected for GFP and MT fluorescence using the same exposure times,
respectively. Images were saved as 8-bit TIFF files with a 256 gray scale range.
Quantification was performed using NIH Image 1.62 and Microsoft Excel. Interphase
cells chosen for quantitation displayed similar levels of cytoplasmic GFP expression. The
average pixel intensity (mean gray value) of GFP in the cytoplasm was measured for both
constructs to control for variations in the extent of nuclear sequestration. Using a gray
scale image of MTs, where MTs appear in intensity between white and light gray
(grayscale value between 0 and 120) on a nearly black (grayscale value near 256)

background, we recorded the pixels present within the grayscale range of 0 and 120. This
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number was divided by the total pixels in the cell. The resulting number gave us a

normalized value representing the amount of tubulin polymer per cell.

Expression and purification of recombinant MCAK

MCAK-Q710 was constructed by ligating a PCR fragment containing the truncated C-
terminus into pVL1393-MCAK digested with Notl and Ncol. EGFP labeled MCAK
constructs were made by digesting EGFP-MCAK from pYOY152 (from Y. Ovechkina)
and ligating it into the Baculovirus expression vector, pVL1393 (Pharmingen, San Diego
CA). Baculovirus expression of recombinant 6x-histidine tagged MCAK in Sf9 cells
(Pharmingen, San Diego, CA) and its purification on a nickel-nitrilotriacetic (Ni-NTA)
agarose columns (Qiagen Inc., Chatsworth, CA) were performed as previously described
[15]. Peak fractions in elution buffer [15] were stored at -70° C. The number of active
nucleotide binding sites was measured radiometrically as previously described [23].
Because MCAK is a dimer [15], the concentrations are always expressed as the number

of active heads.

In vitro MT assembly

Bovine brain tubulin was acquired from Cytoskeleton (Denver, CO). For in vitro
pelleting assays, 2.2uM of tubulin was added to BRB80 (80mM Pipes, pH 6.8, ImM
EGTA, 1mM MgCl,) with 6mM MgCl,, 1.5mM GTP, and 1.4M DMSO and incubated
for 30 minutes at 37° C. Following the incubation, MTs were diluted 1:20 in 37° C
BRB80 plus 10uM paclitaxel. Variable MT lengths were achieved by passing MTs
through a 30-gauge syringe of either 0.5 inches in length (Becton Dickinson, Franklin
Lakes, NJ) or 2.0 inches in length (Hamilton Co., Reno NV). Resulting lengths (Sum and
15pum, respectively) were determined via immunofluorescent microscopy. Unsheared
MTs can extend to ~40um in length but may retain bundled MT polymer and have a less
consistent length distribution as compared to the sheared polymer. For ATPase assays,
11uM of tubulin was added to BRB80 with 8mM MgCl,, 2mM GTP and 1.9M DMSO,
and grown at 37° C as before. MTs were then diluted 1:2 with BRB80 plus paclitaxel for

a final paclitaxel concentration of 7.5uM.
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GMP-CPP rhodamine labeled MTs were grown by combining 4 pg unlabeled bovine
brain tubulin and 1 pg rhodamine-labeled bovine brain tubulin, 6mM MgCl,, 1.5mM
GMP-CPP, and 1.4M DMSO and incubated for 30 minutes at 37° C. Following the
incubation, MTs were diluted 1:12.5 in 37° C BRB80. MTs were then spun in an airfuge
- at 149,000 x g for 10 minutes in order to separate out any unincorporated tubulin. All

MTs were used within 24 hours of being polymerized.

In vitro MT depolymerization assays

Elution buffer containing 50nM of active motor protein was mixed with 0.8mM DTT,
1.2mM MgATP, 75mM KCI and 2.2uM paclitaxel stabilized MT polymer. Reactions
were incubated at room temperature for 16 minutes and centrifuged in an airfuge at
149,000 x g for 10 minutes. (SOuM MgATP and a three-minute incubation were used to
generate the binding curve for the motor.) Supernatants and pellets were assayed for the
presence of tubulin and motor on Coomassie stained SDS-polyacrylamide gels
(Invitrogen, Carlsbad, CA). Bands were quantified using NIH Image 1.62. The extent of
depolymerization with the 2 constructs was assayed by comparing the total amount of
tubulin in the supernatant minus the supernatant of a no-motor control. Motor affinity
was assayed by comparing the percentage of motor in the pellet over a range of motor to
tubulin stoichiometries. Asymptotic values were obtained using an exponential

association curve (see ATPase assays below)

In vitro motor/rhodamine-MT squashes

1.8 mM of rhodamine-labeled MTs was combined with 30nm of active EGFP labeled
motor. MT/motor mixture was incubated in BRB80 containing 3mM AMP-PNP or ADP
(or no nucleotide), 75 mM KCl, 1mg/ml BSA, and an anti-fade solution consisting of
40mM D-glucose, 200 pg/ml glucose oxidase, 35 pg/ml catalase, ImM DTT, and 0.5%
BME. After 5 minutes, 2 ul of this solution was squashed onto a microscope slide under a
glass coverslip. ADP.Pi mimicked experiments (ADP.AIFx) were performed as
previously described [24] with the minor substitution of using NaF as opposed to KF.
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ATPase assays

Assays were performed as previously described [17].

'On' and 'off' rates for ATPase experiments were evaluated with an exponential

_kOB’)

association curve fit over a 60-minute time interval: F(f)=A(l—e
A: asymptotic value; ¢: time; kop: observed association rate expressed in inverse time;

koB: k()N[MCAK] + kopp

Constants were determined with a non-linear least squares fit. Regression analysis and

curves were generated using MATLAB (The MathWorks Inc.) and Microsoft Excel.
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Results

C-terminal truncations of MCAK exhibit increased MT depolymerization in vivo

Chinese Hamster Ovary (CHO) cells transfected with full-length MCAK (wt-MCAK)
display a complete loss of MT polymer by 20 hours post-transfection (figs. la, 1b).
However, when wt-MCAK transfected cells are cultured for the same time duration in the
presence of 15uM paclitaxel, they exhibit only a partial loss of MT polymer (figs. lc,
1d). Partial abrogation of MCAK activity with paclitaxel allowed us to differentiate
between MCAK constructs with slightly dissimilar rates of MT depolymerization.

Maney et al. [11] observed that wt-MCAK exhibited slightly lower MT depolymerization
activity than a construct of MCAK missing the entire C-terminus (the region immediately
following the motor domain). In order to precisely map this inhibitory domain, we
prepared successively smaller C-terminus deletions of MCAK and transfected these
constructs into CHO cells cultured in the presence of 15uM paclitaxel. By inspection,
cells transfected with C-terminus deletions between S583 and Q710 exhibited equally
enhanced MT depolymerization when compared to wt-MCAK (fig. 1g). We determined
that it is the terminal eight amino acids that are responsible for the partial auto-inhibition

of MT depolymerization activity of full length MCAK.

Quantitation of the C-terminal inhibition of MT depolymerization in vivo

MCAK-Q710 was chosen for quantitative comparison with wt-MCAK as it was the most
intact truncation construct with maximally enhanced MT depolymerization. Figs. 1e and
1f show a cell transfected with MCAK-Q710, cultured in the presence of paclitaxel.
MCAK-Q710 is able to depolymerize bundled MTs to a significantly greater extent than
wt-MCAK.

In order to quantitate the extent of depolymerization for both MCAK constructs, we

devised a method using digital images of transfected cells (described in the Methods).
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The relative amount of tubulin polymer remaining in a population of transfected cells is
shown in fig. 2a. Wt-MCAK and MCAK-Q710 transfected cells exhibited a significant
difference in the extent of polymer loss according to a paired t-Test with 95% confidence.
In addition, we measured the relative levels of cytoplasmic MCAK expression and found
that these two populations of cells exhibited statistically indistinguishable levels of
cytoplasmic protein expression (fig. 2b). This suggests that the difference in
depolymerization is not due to sequestration of MCAK-Q710 away from cytoplasmic
MTs.

In vitro MT depolymerization is enhanced by the loss of MCAK's C-terminus

To confirm that the difference in MT depolymerization seen in vivo was intrinsic to the
motor and not the result of interactions with other cellular proteins, we performed a series
of in vitro depolymerization assays. Wt-MCAK and MCAK-Q710 purified from SF9
cells (see Methods) were incubated with paclitaxel-stabilized MTs (about 15pum in
length, on average), and MgATP and then pelleted. The amount of tubulin released into
the supernatant was quantified on an SDS-gel as an indication of the extent of MT
depolymerization. Any motor found in the supernatant is either unbound or associated
with free tubulin. Motor seen with the pellet is presumably bound to the MT polymer.
Quantitation of these gels revealed that MCAK-Q710 was approximately 25% more
potent as a MT depolymerizer than wt-MCAK in vitro (fig. 3a). In addition, more
MCAK-Q710 was found in the MT pellet as compared to wt-MCAK suggesting that the
deletion construct may have a higher apparent-affinity for the MT polymer. Pelleting
assays performed over a range of motor to tubulin stoichiometries confirmed that
MCAK-Q710 does in fact have a higher affinity for the MT (fig 3b). Saturating
experiments revealed that in the presence of 25uM MgATP and 44uM MT polymer,
MCAK-Q710 saturates the MT polymer at 527uM whereas wt-MCAK saturates at
453uM, a 16% increase. (Saturating equation described in Methods.)

C-terminal truncation of MCAK increases MT lattice-stimulated ATPase activity.

10
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MCAK exhibits both free tubulin-stimulated and MT-stimulated ATP hydrolysis [17].
One possible model suggests that ATP hydrolysis or inorganic phosphate release may
serve to dissociate MCAK from the removed terminal tubulin dimer [6, 9, 17, 18]. Some
researchers believe that this happens before the tubulin/MCAK complex dissociates from
the MT protofilament, resulting in processive depolymerization [17]. Others believe that
it occurs afterwards [6, 18]. In either case, we wanted to determine if MCAK-Q710 had
a higher depolymerization rate because it was able to more quickly promote the
dissociation of the motor from the terminal tubulin dimer. To test this, we measured the
tubulin-stimulated ATPase activity for both wt-MCAK and MCAK-Q710 (figs. 4a, 4b).
MCAK-Q710 and wt-MCAK had nearly identical tubulin-stimulated phosphate release
rates, suggesting that the enhanced MT depolymerization of MCAK-Q710 is not due to

an enhanced rate of tubulin dissociation from the motor.

We measured the MT-stimulated ATPase activity using paclitaxel-stabilized MTs.
MCAK-Q710 exhibited a higher rate of ATPase activity in the presence of MTs as
compared to wt-MCAK (figs. 4c, 4d, 4e). This was most significantly pronounced with

longer MTs, which have a higher ratio of lattice to ends.

We fit our ATPase data (the phosphate released in the experiments) to an exponential
association curve (described in Methods). We interpreted the ATPase activity in these
experiments as an indicator of an ATP stimulating, tight coupling reaction between
MCAK and the MT. This particular measurement does not discriminate between end and
lattice binding. 'On' and 'off' rates were determined by varying MCAK concentrations

(data not shown).

We chose 15um MTs because their length is more consistent with those found in cells.
'On' and 'off' rates are listed in Table la. The MT on-rate for wt-MCAK, as indicated by
the hydrolysis of ATP, is approximately 2.3-fold less than that of MCAK-Q710
suggesting that MCAK-Q710 finds high affinity, ATPase stimulating, binding sites more
quickly than wt-MCAK. In contrast, the off-rates for both were comparable for the two

proteins (Table 1a).
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We evaluated the initial velocities of ATPase activities for both wt-MCAK and MCAK-
Q710 in order to compare the initial motor/MT interactions (Table 1b). It can be seen for
each MT length that MCAK-Q710 has an approximate 3-fold increase in ATPase activity

at the initial rates.

To compare ATPase activity to MT depolymerization, we plotted the tubulin released
from comparable pelleting assays at a number of time points, along side the ATPase
curve (fig. 5). It can be seen that wt-MCAK displays an ATPase activity that more
closely tends toward a 1:1 stoichiometry with tubulin dimer release in comparison to
MCAK-Q710. The ATPase activity of MCAK-Q710 quickly diverges from the rate of

tubulin release.
MCAK-Q710 binds lattice more readily in the zero ATP state.

In order to determine microscopically where MCAK was interacting with the MT during
ATP hydrolysis, we constructed and purified EGFP fusion constructs of both motors. We
incubated EGFP fusion motors with MTs in the presence of AMP-PNP (to mimic the
ATP-bound state), ADP.AIFx (which mimics the ADP.Pi state), ADP, and no nucleotide.
The results are shown in figs. 6a and 6b (ADP.AIFx data not shown). Both EGFP:wt-
MCAK and EGFP:MCAK-710 accumulate at MT ends in AMP-PNP. In the ADP.Pi
state, there was very little detectable binding of wt-MCAK to the MT within the first 15
minutes of the incubation (data not shown). After a 45-minute incubation, there was a
slight increase in binding (from approximately 1%-10%) solely at the microtubule ends.
We were unable to detect any association of MCAK-Q710 in this ADP.PI mimicked state
with MTs within 45 minutes. This is likely to reflect a difference in the limits of detection
of MCAK-Q710 (due to its tendency to aggregate less as seen in figs. 6a and 6b, motor
only) rather than a difference in end binding between the two proteins. In the presence of
ADP, there is no detectable binding of either motor to the MT on the lattice or the MT

end.
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In the absence of nucleotide, both MCAK constructs significantly bundle MTs. However,
there is a distinct difference in the lattice decoration of EGFP:wt-MCAK in comparison
to EGFP:MCAK-Q710. Wt-MCAK appears to sparsely decorate the lattice in a punctate
fashion whereas MCAK-Q710 appears to bind more uniformly throughout the lattice.

We tested the hypothesis that ATP is required to free MCAK from free tubulin dimers by
determining whether incubation with free tubulin could inhibit the MT bundling observed
in the nucleotide free state. At a 1:1 stoichiometry of free to polymerized tubulin, MT
bundling was reduced ~20%. At an 8:1 stoichimoetry, bundling was reduced ~90%.
Results were similar for both motors. These data suggest that tubulin can sequester

MCAK away from the MT lattice in the absence of nucleotide.
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Discussion

MCAK has a high affinity for MT ends which is the substrate for its depolymerizing
activity [17]. Here we show that lattice-bound MCAK can also significantly increase the
efficacy of MT depolymerization although at an energy cost (uncoupling). The
interaction of MCAK with the lattice is inhibited by eight amino acids at the C-terminus
of the protein. Therefore, MCAK has a mechanism to suppress lattice interactions in
preference for end-binding which is the productive substrate for MT depolymerization
[17]. What is surprising however is that lattice-bound MCAK increases the velocity with

which MTs are depolymerized rather than serving as a sink for unproductive interactions.

The extreme C-terminus of MCAK is an auto-inhibitor of ATPase activity along the
MT lattice

Wt-MCAK and MCAK-Q710 exhibit a significant difference in MT-stimulated ATPase
activity. This disparity increased with the length of the MTs (and by extension, with
longer exposure to the MT lattice), presumably because MCAK-Q710 can interact
productively (in a manner that stimulates ATP hydrolysis) with more sites along the MT

lattice in comparison to wt-MCAK.

A comparison of the on-rates revealed that MCAK-Q710 finds an ATPase stimulating
binding site along the MT at a rate 2.3 times faster than wt-MCAK. Furthermore, by
comparing ATPase activity to MT depolymerization, we saw that wt-MCAK tends
toward a 1:1 stoichiometry where as MCAK-Q710 quickly diverges from this trend. This
suggests that with paclitaxel stabilized MTs, ATP hydrolysis is more strongly coupled to
MT depolymerization for wt-MCAK. Our data suggests that when the ratio of lattice to
ends increases, both motors tend to exhibit non-end stimulated ATP-hydrolysis. Hunter et
al. also observed that wt-MCAK exhibited low lattice stimulated ATPase activity in
particular, when the concentration of motor exceeded the concentration of exposed MT
ends [17]. However, wt-MCAK significantly suppresses this activity in comparison to

MCAK-Q710. Again, this suggests that the role of the C-terminus may be to suppress
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lattice stimulated ATPase activity. Relief of inhibition by the C-terminus (via protein
interactions or clipping) might be one method that organisms could employ to rapidly

disassemble long cellular MTs.

Our experiments indicate an on-rate for wt-MCAK that is approximately 8-fold less than
that found by Hunter et al. [17] However, two important differences in experimental
design should be noted. The first is that different MT stabilizing mechanisms were used —
paclitaxel verses GMP-CPP. It has not yet been determined if the differences in these
stabilizations affects the method or efficiency in which MCAK depolymerizes MTs. It
can however be noted that the extreme disparity that Hunter et al. observed between the
tubulin-stimulated ATPase activity and that stimulated by MTs is not present in our
experiments. Our measurements are more consistent with Moores et al. [25] in which
they saw comparable maximum ATPase activity with free tubulin and paclitaxel
stabilized polymer. The second difference is that there is a considerable difference in our
MT lengths. MTs from Hunter et al. were on the order of 2.2um whereas ours are
approximately 15pum. If we consider the notion that wt-MCAK primarily employs
Brownian motion to diffuse to MT ends, and MT ends are the primary site of ATP
hydrolysis for wt-MCAK, then the difference in diffusion times may account for the

difference in the on-rates.

A model: enhanced depolymerization of MCAK-Q710 may result from additional
motors being distributed along the MT lattice

We propose that MCAK, analogous to kinesin and myosin II [22, 26], may exist in 2
conformations: folded (inactive, limited ATPase activity) and unfolded (active ATPase
activity). The C-terminus of MCAK may contribute to keeping the motor in the folded
conformation when not at the highest affinity binding site (MT ends) to inhibit excess
ATP hydrolysis along the lattice (fig. 7). This may serve as an important regulatory
mechanism particularly when the cell is not actively remodeling its MT array. Once
MCAK encounter a protofilament end, high-affinity binding to the conformationally

distinct terminal tubulin [27, 28] may out compete the C-terminus for the binding of the
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motor and releases the ATPase inhibition. Alternatively, the MCAK C-terminus may
possess a binding domain for the end of the terminal tubulin dimer, comparable to that of
ncd [29] (fig. 7a). Selective binding to the terminal tubulin dimer may also provide some
insight as to why MCAK, unlike most other kinesins, has free tubulin stimulated ATPase

activity.

Fig. 7a illustrates our proposed ATP hydrolysis cycle of wt-MCAK. The model is similar
to others that have been put forth [6, 17] in that it suggests that MCAK's binding to the
MT lattice promotes the release of ADP which results in the binding of ATP. We suggest
that the motor oscillates in the ATP-bound state until it finds a MT end. This is supported
by our observation that MCAK binds with significantly lower affinity to MT ends in the
ADP.Pi state in comparison to the ATP bound state. ATP hydrolysis may promote the
active release of the terminal tubulin dimer from the MT ends. Subsequent release of
inorganic phosphate might then trigger the dissociation of the released dimer from the
MCAK motor leaving the motor in the ADP state and ready for another cycle. Our assays
do not resolve whether or not MCAK functions as a processive motor (both cases are
illustrated in fig. 7a). Our model for the activity of MCAK-Q710 accommodates either

case.

We have identified the C-terminus as an inhibitor of high affinity, ATPase stimulating,
lattice interactions. We have also demonstrated that MCAK-Q710 exhibits increased
depolymerization activity relative to wt-MCAK. Lattice binding is presumed to be a sink
for end-stimulated depolymerization. How do we reconcile these observations? We put

forth two plausible explanations.

The first possibility is compatible with the observation that MCAK may be processive
[17]. Biased diffusional motility of MCAK, which involves intermittent ATP hydrolysis
can potentially explain the enhanced activity of MCAK-Q710. If the C-terminus tail
inhibits lattice interactions that would lead to ATP hydrolysis, then the absence of the tail
(MCAK-Q710) may result in ATP dependent biased diffusion of the motor along the

lattice as is seen for Kifl A monomers [30]. Considering the time it would take for a
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motor to reach a MT ends via simple Brownian motion along the lattice, it stands to
reason that directed movement via a processive mechanism, may result in faster end

targeting. This precise mechanism has been elegantly established for Kif1A [30].

Because we have never observed such ATP-dependent lattice motility and because the
processivity measured for MCAK is relatively weak [17], we also considered the formal
possibility that MCAK is not processive. Our biochemical and microscopic assays
confirm that the higher apparent-affinity of MCAK-Q710 is not due to enhanced
accumulation of motor at the MT end but rather on the lattice. Therefore, we suggest a
model in which MCAK’s mechanism of MT depolymerization includes a feature that we
call “lattice priming”. While directed movement along the lattice and lattice priming are
not mutually exclusive mechanisms it is important to note that lattice priming has the

potential to mimic processivity, possibly resulting from the tendency of wt-MCAK to
aggregate.

The lattice-priming model accommodates the situation in which a slightly higher
apparent-affinity of the motor for the MT lattice promotes a slightly enhanced level of
depolymerization. The active conformation of MCAK-Q710 may allow it to exist
sparsely along the MT lattice, at a higher apparent-affinity at specific times during the
ATP hydrolysis cycle. This activity will not directly translate to depolymerization
because the tubulin dimers are locked within the lattice. However, as the MT ends
approach, active motors tightly bound along the lattice will participate in
depolymerization thus affording the system more efficient depolymerization as it will be
less limited by the simple diffusive property of the full-length motor. These models are
illustrated in figs. 7b and 7c.

Although we propose that MCAK-Q710 may bind with higher affinity along the MT
lattice during certain stages of the ATP hydrolysis cycle, it is important to remember that
this mutant, analogous to wt-MCAK, depends on loose tethering to the MT lattice
through much of the cross-bridge cycle in order to maintain un-interrupted contact with

the MT lattice. This is consistent with the results of our pelleting assays where salt
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concentrations were markedly increased. In these instances, both wt-MCAK and MCAK-
Q710 were diminished in their ability to depolymerize MTs (data not shown).

Increasing the apparent-affinity of MCAK for MTs can enhance its MT depolymerizing
activity by promoting lattice priming. In the cell, simple diffusion along long cellular
MTs may not be an efficient method for targeting MT ends, particularly when rapid re-
ordering of the MT array is required. This represents an excellent mechanism of priming
for MCAK-dependent depolymerization activity in situations in which MT ends are
blocked by assembly promoting factors (such as CLIP-170 and Ebl [31, 32]). It is worth
noting that GFP-MCAK is often seen transiently associated with the MT lattice in vivo
(data not shown). It stands to reason that the C-terminus of MCAK serves as an inhibitor
of fruitless ATP hydrolysis along the MT lattice for MCAK that is free in solution or
when active MT depolymerization is not occurring. Priming of MCAK could then be
promoted by any factors that interact with the C-terminus of MCAK thus relieving lattice
inhibition. Furthermore, these data suggest that any factor (such as the Kin I activator
ICIS [33]), that potentially increases the apparent affinity of MCAK for the MT lattice
has the potential to stimulate or enhance MCAK’s MT depolymerizing activity in a

regulated fashion in response to the need for rapid MT remodeling.
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Abbreviation list

ADP.AlFx: ADP + aluminum + sodium fluoride

AMP-PNP: adenylyl-imidodiphosphate

CHO: chinese hamster ovary

C-terminus: carboxyl terminus

EGFP: enhanced green fluorescent protein

GFP: green fluorescent protein

GMP-CPP: guanylyl-(alpha,beta)-methylene-diphosphonate
MCAK: mitotic centromere-associated kinesin

MT: microtubule

Pi: inorganic phosphate

wt: wild type
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Figure Legends
Figure 1:

C-terminal truncations increase MCAK’s depolymerization activity. Illustration of
MT depolymerization in CHO cells transfected with wt-MCAK and MCAK-Q710. The
first column (A, C, D) shows MTs, antibody labeled against a-tubulin. The second
column (B, D, F) shows fluorescent expression of GFP-tagged motor protein. (A) and (B)
show a cell transfected with GFP-tagged wt-MCAK. (C) and (D) show a cell transfected
with GFP-tagged wt-MCAK, cultured in the presence of 15uM paclitaxel. (E) and (F)
show a cell transfected with GFP-tagged MCAK-Q710 in the presence of 15uM
paclitaxel. (G) illustrates C-terminal truncations of GFP-tagged MCAK in conjunction
with their amino acid truncation sites. Each construct was transiently transfected into
CHO cells cultured in the presence of 15uM paclitaxel. Cells were fixed 16 hours post
transfection and antibody labeled against a-tubulin. The extent of MT depolymerization
was scored for each of the constructs. + was the maximum observed depolymerization
represented by the shortest bundles. ++++ was the minimum, represented by longer MT
bundles.

Figure 2:

MCAK-Q710 shows enhanced MT depolymerization in vivo. (A) shows the difference
in tubulin polymer levels for the same populations of cells. (B) is a comparison of the
cytoplasmic MCAK expression levels between wt-MCAK and MCAK-Q710.
Fluorescent intensity levels are measured over 256 gray scale values. Error bars are

shown for each.

Figure 3:

MCAK-Q710 depolymerizes paclitaxel-stabilized MTs faster than wt-MCAK in
vitro and exhibits increased apparent affinity for the MT. SDS-PAGE illustrates the
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difference in localization and depolymerization activity between wt-MCAK and MCAK-
Q710. (S)upernatant lanes show the amount of free tubulin dimer and unbound protein

left in solution after the reaction was centrifuged. (P)ellet lanes illustrate the amount of

larger polymer and any bound motor protein after centrifugation. The upper bands in the

gel are MCAK motor and the lower bands are tubulin. (A) In each experiment, 50nM of
active motor was added to 2200nM paclitaxel stabilized MTs and ImM MgATP. MTs
were sheared to a length of 15um on average. The depolymerization reactions went for
16 minutes at room temperature. (B) illustrates the binding of motor to the MT over a
range of motor concentrations. Saturating experiments demonstrate that in the presence of
25uM MgATP and 8.8uM MT polymer, MCAK-Q710 saturates the MT polymer at
527uM whereas wt-MCAK saturates at 453uM, a 16% increase. Curves were fit over

data points from 3 independent experiments.

Figure 4:

Longer MTs increase MCAK’s MT stimulated ATPase activity. 50 nM active motor
was incubated in the presence of 11uM tubulin, 250puM [y-**P]-ATP (6000 Ci/mmol) and
250uM cold MgATP. All figures display inorganic phosphate release (uM) over time
(seconds). Linear curve fits (A, B) were generated by Microsoft Excel. All others (C-E)
were generated with MATLAB (The Mathworks Inc.) The curves fit to the data in (C-E)
are exponential association curves, fit via non-linear least square regression. (A) shows
free tubulin-stimulated ATPase with wt-MCAK and (B) is with MCAK-Q710. (C) shows
ATPase stimulation in the presence of unsheared MTs. (D) shows ATPase stimulation in
the presence of paclitaxel-stabilized MTs, Sum in length. (E) shows ATPase stimulation
in the presence of MTs, 15um in length. Curves were fit over data points from 4

independent experiments.

Figure 5:
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wt-MCAK exhibits tighter 1:1 coupling between MT depolymerization and ATP
hydrolysis in comparison to MCAK-Q710. Depolymerization and ATP hydrolysis were
compared for MTs 15um in length. (A) is wt-MCAK and (B) is MCAK-Q710. The
stoichiometry of ATP hydrolysis and MT depolymerization quickly diverges with
MCAK-710. However, this activity is suppressed with wt-MCAK.

Figure 6:

wt-MCAK shows more significant aggregation than MCAK-Q710 and differential
MT binding in the absence of nucleotide. Images of EGFP:wt-MCAK and
EGFP:MCAK-Q710 bound to GMP-CPP stabilized MTs with varying nucleotide
conditions are presented. ‘Motor only’ images illustrate the interactions of the motor
alone in the absence of MTs. wt-MCAK displays more significant aggregation than
MCAK-Q710. ‘AMP-PNP’ labeled rows illustrate the motor in the presence of MTs and
AMP-PNP. Both motors bind the ends of MTs in the presence of AMP-PNP. Again, wt-
MCAK displays larger aggregate on the MT ends in comparison to MCAK-Q710. ‘ADP’
labeled rows show the motor with MTs in the presence of ADP. Neither motor appears to
bind the MT in the presence of ADP. ‘No nucleotide’ labeled rows show the motors with
MTs but in the absence of nucleotide. Both motors bundle MTs and decorate the MT
lattice. However, wt-MCAK decorates the lattice in a more punctate fashion whereas
MCAK-Q710 appears to more uniformly decorate the MT lattice with increased
apparent-affinity. All binding experiments were done in 7SmM KCIl. Incubations were for

5 minutes at room temperature.

Figure 7:

Proposed model of the difference between wt-MCAK and MCAK-Q710. (A) is a
detailed illustration of the proposed ATP hydrolysis cycle of wt-MCAK based on the
EGFP-wt-MCAK binding assays. The model proposes that the binding of MCAK to the
MT lattice promotes the dissociation of ADP from the motor and the subsequent binding
of ATP. MCAK oscillates along the lattice in the ATP bound state until it finds a MT
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end. Association with the high affinity end binding sites triggers ATP hydrolysis and
terminal tubulin dimer dissociation. Phosphate release then liberates the motor from the
cleaved tubulin dimer. This model does not differentiate between processivity and non-
processivity. Thus, both scenarios are illustrated. (B) illustrates how wt-MCAK oscillates
back and forth along the MT in a weak binding state until it finds an end, at which time
the C-terminal inhibition is relieved. ATPase activity is uninhibited by this interaction
and the ATP binding state then allows the motor to bind tightly to the high affinity
binding site on the terminal tubulin dimer. (C) illustrates how MCAK-Q710 may interact
with the MT. While it may primarily oscillate in the loose binding state, similar to wt-
MCAK, it may also be able to hydrolyze ATP sporadically along the MT lattice. This
ATP hydrolysis along the MT may allow the motor to bind tightly to the lattice. As the
MT end approaches these tightly bound motors, may be able to facilitate more efficient
MT depolymerization. This may happen as a result of more efficient end targeting via a
power stroke (in comparison to the diffusion based targeting of wt-MCAK) or it may
result from a cooperative interaction between the lattice bound motors and those bound to

the MT end.
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Table 1:
A
wt-MCAK MCAK-Q710
Kon 75+ 1.76 uM's™ 16.4 + 1.51 uM's!
Kogy 0.123 + 0.084 s~ 0.183 +0.037 5™
11uM tubulin, 15pum MTs, 12.50M-50nM active MCAK heads
B
Spum MTs 15pm MTs unsheared MTs
initial ATPase 0.102 s 0.106 s 0.26s"
. wt-MCAK
activity
nitial ATP, A | -1 -1
mmal. : ase 0.302 s 0.318s 0.676 s MCAK-Q710
activity
11uM tubulin, 50nM active MCAK heads
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Figure 6
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Figure 7
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7Kinesins are motor proteins that use the hydrolysis of ATP

8to do mechanical work. Most of these motors translocate

9cargo along the surface of the microtubule (MT). However, a
10subfamily of these motors (Kin-l kinesins) can destabilize
11MTs directly from their ends. This distinct ability makes
12their activity crucial during mitosis, when reordering of the
13MT cytoskeleton is most evident. Recently, much work has
14been done to elucidate the structure and mechanism of
15depolymerizing kinesins, particularly those of the
16mammalian kinesin mitotic centromere-associated kinesin
17(MCAK). In addition, new regulatory factors have been
18discovered that shed light on the regulation and precise role
190f Kin-l kinesins during mitosis.

20Kinesins are enzymes that translocate along the surface or
211attice’ of MTs — long polymers that comprise part of the
22cytoskeleton (Box 1) — by coupling mechanical work to
23ATP hydrolysis. Because the ATP-hydrolyzing motor
24domain of kinesin proteins is highly conserved, it was
25surprising when a class of kinesins was identified that
26directly depolymerize MTs from either end [1,2]. This
27subfamily of depolymerizing kinesins also shows a
28structural oddity: the motor domain is generally located in
29the middle of the peptide sequence rather than at one end,
30as it is in other kinesins. For this reason, these proteins
31are often called ‘middle’ kinesins (Kin-M) or ‘internal’
32(Kin-I) motor kinesins.

33 The subfamily of Kin-I kinesins is encoded by (so far)
34three unique genes in mammals: Kif2A [3], Kif2B [4] and
35MCAK (also known as Kif2C) [5]. Related kinesins with
36depolymerizing activity and/or sequence homology have
37been described in invertebrates, including Saccharomyces
38cerevisiae Kip3 (6], Plasmodium falciparum pKin-I [7] and
39Drosophila melanogaster Klp10A, Klp59C, Klp59D [8] and
40K1p67A [9]. The extent to which these genes are
41orthologous to their mammalian counterparts is not
42unequivocal. Table 1 summarizes the nomenclature and
43mitotic function of these kinesins in mammals and
44invertebrates on the basis of existing studies.

45 How do Kin-I kinesins affect the cell? Cooperation
46among many motors located at the kinetochore,
47centromere and centrosomes and along MTs is required to
48accomplish chromosome segregation during mitosis [10].
49During distinct stages of this dynamic process, these
50motors promote tension and the movement of
51chromosomes and MTs [11]. MCAK and its relatives play a
52key role in this process by actively participating in the

B4process is vital for ensuring high-fidelity chromosome
55segregation during cell division. The bulk of the existent
56data on these kinesins has been obtained from work on
57MCAK in mammalian and Xenopus cells with key input
58from other systems.

59 In this review, we focus on data from metazoans and
60discuss advances in our understanding of this important
61and unusual class of kinesins, including their mechanism
62of MT depolymerization, their role during mitosis, and
63regulation of their activity.

64Mechanism of MT depolymerization by Kin-I kinesins

65An elaborate interplay of motors facilitates the separation
660of genetic material during cell division. The Kin-I
67subfamily of kinesins participates in this process by
68depolymerizing MTs, thereby permitting the reordering of
69the MT cytoskeleton. In recent years, several investigators
70have provided much evidence towards elucidating the
7 1mechanism of Kin-I-mediated MT depolymerization.

72MT end targeting

73MCAK, a kinesin-related MT depolymerizer, exists as a
74homodimer in its native state, although the monomer has
75been shown to possess comparable, and sometimes
76greater, depolymerization capability [12]. Kinetic assays of
77the activity of MCAK have yielded surprising results for a
78kinesin-related  protein. First, MCAK has an
79extraordinarily high affinity for MT ends, which are also
80the substrate of depolymerization [1,2]. Second, MCAK
81catalytically destabilizes MTs from either end with
82relatively little difference in the rates of disassembly [1,2].
83 Notably, MCAK can target MT ends in the absence of
84any hydrolysable ATP [1] and more rapidly than can be
85accounted for by three-dimensional diffusion [2]. This has
86fueled the hypothesis that MCAK might rapidly target MT
87ends in a non-motile fashion; in other words, unlike
88conventional kinesins, which translocate along the surface
890f the MT in an ATP-dependent, step-by-step fashion,
90MCAK might diffuse to MT ends by gliding along the
91surface of the MT. This diffusive activity might result from
92Brownian motion because MCAK targets either MT end
93almost indiscriminately [1].

94 The monomeric catalytic core of MCAK is necessary but
95not sufficient for depolymerization in cells and in vitro
96under physiological conditions. Inclusion of the ‘neck’
97domain, about 50 amino acids located at the amino (N)
98terminus of the motor, restores full MT depolymerization
99activity to the MCAK core motor [12]. Neutralization of

53reordering of the MT cytoskeleton (Box 1). This crucial 10Q0the positively charged neck by site-directed mutagenesis



1markedly reduces depolymerization activity both in vivo
2and in vitro, suggesting that the neck might flexibly tether
3the motor to the negatively charged MT surface via
4electrostatic interactions [13].
5 The core motor of both pKinl (P. falciparum Kin-I) and
6MCAK can depolymerize MTs, but only in conditions of
7low salt [7,13]. Furthermore, the negatively charged
8carboxy (C)-terminal region of tubulin, or the ‘hook’ as it is
Ocalled, is required for depolymerization to occur [7,14].
10These findings suggest that balanced electrostatic
11interactions between Kin-I kinesins and MTs are needed
12for Kin-I-dependent depolymerization to proceed under
13physiological conditions.
14 Electrostatic tethering might also be involved in rapid
15targeting of MCAK to the MT end. Hunter etal. [2]
16combined experimental data and mathematical analysis to
17show that targeting of MCAK to the MT end is more rapid
18than can be explained by three-dimensional diffusion of
19the motor through solution; by contrast, one-dimensional
20diffusion of the motor along the lattice would be consistent
21with the observed rate of end targeting. Thus, MCAK
22might diffuse through solution, encounter the MT lattice,
23and then rapidly diffuse to the high-affinity end-binding
24site at either end of the MT. Electrostatic tethering is
25likely to have a role in one-dimensional diffusion along the
26lattice. In support of this idea, Hunter et al. [2] found that
27MTs bound to an MCAK-coated surface undergo small
28back-and-forth oscillations, consistent with the randomly
29directed processes of motors such as flagellar dynein [15],
30ncd [16] and KiflA [2,17-19].

31 Destabilization of the MT ends

32How exactly does MCAK destabilize terminal tubulin
33dimers? Insight into this question has been provided by
34electron  microscopic images of depolymerization
35complexes formed in the presence of AMP-PNP, a non-
36hydrolyzable ATP analog. AMP-PNP irreversibly locks
37MCAK into the high-affinity binding state at the end of
38the MT. This irreversible binding results in the unraveling
390f protofilaments and the formation of curved
40protofilament curls or peels [1] (Box 1).

41 The monomeric Kin-I core motor domain has one
42binding site on each tubulin heterodimer [20]. The
43highest-affinity binding site on the longitudinal

59Crystal structures of the catalytic core and neck domain of
60murine MCAK (known as Kif2C) have identified regions
61that are highly conserved among Kin-I kinesins. Seven
62regions in the minimal functional domain have been
63shown to differ significantly from other kinesin family
64members [21]. These regions reveal a ‘lock-and-key’ fit
65between the Kin-I motor domain and the conformationally
66distinct, terminal tubulin dimer.

67 The surface of the catalytic core of MCAK is convex in
68both the ATP- and ADP-bound states, preventing it from
69lying flat on the surface of the MT lattice. This
70conformation could lead to weak or unstable binding along
71the MT lattice (Figure 1). Indeed, microscopic images of
72fluorescently labeled MCAK show that it does not bind the
73lattice under physiological conditions in its ADP- or AMP-
74PNP-bound state [22]. In this conformation, the
75nucleotide-binding pocket seems to be in the open state,
76thereby preventing the hydrolysis of ATP. Once the motor
77makes contact with the curved terminal tubulin dimer,
78contact between the motor and the tubulin dimer is
79maximized (Figure 1c¢), which could then promote ATP
80hydrolysis [21,23]. The observation that both the ATP- and
81ADP-bound states have a similar convex surface has
82prompted Ogawa et al. [21] to suggest that stabilization of
83the curved conformation of the protofilament at the MT
84end might be enough to cause depolymerization in the
85absence of ATP hydrolysis.

86 The role of ATP hydrolysis in MT depolymerization
87Why, then, does MCAK need to be an ATPase to trigger
88MT disassembly? MCAK can depolymerize MTs in the
89absence of ATPase activity [1,7); however,
90depolymerization can occur to completion only when there
91is a 1:1 stoichiometry of motor to polymerized tubulin. In
92substoichiometric  conditions, rapid and complete
93depolymerization occurs only in the presence of ATP
94[2,14].
95 The crystallography studies described above were done
96with motors lacking the N- and C-terminal arms. ATPase
97experiments done with the full-length motor and a
98hyperactive mutant lacking the final eight amino acids
99show that these variants have considerable differences in
100ATPase activity. The hyperactive mutant shows
101significantly enhanced ATPase activity, suggesting that

44protofilament is at either end, whereas lower affinity sites 102ATP hydrolysis is, in fact, coupled to depolymerization
45are present on the lattice in between [2]. It is likely that 103[22]. At present, the best hypothesis is that ATPase
46the high-affinity end binding depends, in part, on the 104activity is necessary for decoupling the dissociated
47 ability of the terminal tubulin dimer to assume a curved 105terminal tubulin dimer from the motor so that the motor
48conformation, which favors Kin-I motor binding (Figure 1). 106can be recycled for several rounds of depolymerization
49The consistent presence of 18-fold symmetric rings 107(Figure le). Whether this happens when MCAK is bound
50comprising pKinl, AMPPNP and tubulin suggests that 108to the penultimate dimer (as suggested by the processive
51depolymerization might occur by bending a single 109model of Hunter et al. [2]) or when it is in solution remains
52protofilament  longitudinally [7]. The stereotyped 110a subject of investigation.

53curvature of the ring suggests that the core motor domain 111  Nevertheless, the interaction of MCAK with free
540f MCAK can precisely stabilize the curved GDP-bound 112tubulin is likely to be of key importance in cells where
55conformation of tubulin, thereby promoting its 113tubulin polymers coexist with free dimers. In the absence
56disassembly from the MT. 1140f ATP, free tubulin can sequester MCAK away from the
115MT lattice [22]. In addition, substoichiometric levels of
116MCAK are capable of decreasing the MT polymer mass of
117‘live’ (non-stabilized) axoneme-seeded MTs in the absence
1180of ATP, a result that is highly suggestive of tubulin

57 A lock-and-key fit between Kin-I kinesins and the curved
58terminal tubulin dimer




1sequestration [24]. These data support the hypothesis that
2ATP hydrolysis is needed to liberate the motor from the
3dissociated terminal tubulin dimers.
4 Much work has been done in vitro to elucidate the
5mechanism by which MCAK and other members of the
6Kin-I family disassemble MTs; however, it should be noted
7that many of these studies have been done with MTs that
Bare artificially stabilized by either the drug paclitaxel
9(which stabilizes lateral MT connections [25,26]) or GMP-
10CPP, a non-hydrolyzable form of GTP (which stabilizes
11longitudinal connections [27]). Notably, some data
12collected with paclitaxel-stabilized MTs differ significantly
13from data collected with GMP-CPP-stabilized MTs:
14namely, ATPase activity is roughly fivefold greater for
15GMP-CPP-stabilized MTs than for paclitaxel-stabilized
16MTs [2,22]. In addition, ATPase activity stimulated by
17free tubulin and ATPase activity stimulated by MTs are
18more equivalent for paclitaxel-stabilized MTs [20,22] than
19for GMP-CPP-stabilized MT's [2].
20 In GMP-CPP-stabilized MTs, the contribution of free
21tubulin to the kinetics of depolymerization might be
22suppressed because the free tubulin is complexed with
23GMP-CPP, which presumably makes the dimer straight in
24contrast to the curved conformation of the GDP-bound
25tubulin dimer [28] that MCAK seems to favor. Overall,
26this suggests that we must use caution when interpreting
27data derived from non-physiological systems and should
28work toward developing systems that more closely mimic
29the environment of the cell. Initial advances in this
30direction have come from Newton et al. [24], who have
31shown that MCAK increases the catastrophe frequency of
32steady-state, non-stabilized MTs purified from human
33HeLa cells and seeded from axonemes.

34MT-depolymerizing kinesins and cell division

35The MT cytoskeleton is highly reorganized during cell
36division. For this reorganization to occur, the MTs must be
37disassembled to enable formation of the mitotic spindle —
38the cytoskeletal structure that supports the division of
39duplicated genetic material (Box1). Potent MT
40depolymerizers such as MCAK, which was first identified
41during a search for novel centromere-associated kinesins
42(5], are essential for this activity.

43 MCAK is found both on centromeres and in the

60Kinetochore and centromeric functions

61 Oscillation modulator

62In a normal cell, paired chromosomes oscillate until they
63are bi-oriented (attached to both spindle poles; Box 2) and
64aligned at the metaphase plate [33]. Antisense and
65dominant-negative experiments with a motorless mutation
660f MCAK resulted in lagging chromosomes in mammalian
67cells during anaphase. Live imaging suggests that these
68lagging chromosomes might be caused by continued
69oscillations of separated chromatids during anaphase [30].
70Increases in chromosome oscillations have been also
71observed in other systems with disruptions in Kin-I
72activity [31,34]. Taken together, these observations
73suggest that MCAK suppresses the oscillations of
74chromatids once they have aligned at the metaphase plate,
75enabling them to congress unidirectionally toward their
76respective poles.

77 Anaphase depolymerase

78Analogous to MCAK, Klp59C, a Drosophila Kin-I kinesin
79that depolarizes MTs, localizes to mitotic centromeres.
80Downregulation of this protein results in chromosome
81mispositioning and also segregation defects during
82anaphase. Time-lapse microscopy has shown that the
83poleward movement (Figure 2b) of chromatids during
84anaphase is significantly slowed when Klp59C is
85inhibited, which suggests that Klp59C might contribute to
86chromosome-to-pole motility by ‘chewing up’ MT plus ends
87via a ‘Pac-Man™-based’ mechanism [8].

88Corrector of MT mis-attachments

89Analysis of lagging chromatids in mammalian Ptk2 cells
90depleted of centromeric MCAK has been used to detect
91morphological differences in the centromeric region.
92Lagging chromatids show stretched staining of CREST (an
93autoimmune antibody used to mark kinetochores;
94 Figure 3a), which is indicative of a merotelic kinetochore
95attachment — that is, a single chromatid connected to both
96poles — and this finding has been confirmed by electron
97microscopy. These data suggest that MCAK might be
98involved in correcting improper kinetochore-MT
99attachments before anaphase [35] (Box 2).

100Centrosomal functions and spindle assembly

44cytoplasm throughout the cell cycle and is highly enriched 101Mitotic spindle assembly and maintenance

450n centromeres, centrosomes and the spindle midzone 102Functional disruptions of Kin-I kinesins in several
46during mitosis  [5,29,30] (Figure 2a). Depletion or 103systems have implicated a role for these kinesins in
47disruption of MCAK activity leads to improper spindle 104mitotic = spindle  assembly ~ and  maintenance.
48maintenance and to misaligned and lagging chromosomes 105Downregulation of Klp10A [8] and Kif2A [32], which both
49during metaphase and anaphase [29-31]. These data 106localize primarily to spindle poles, consistently results in
50suggest that proper regulation of the activity of MCAK is 107the formation of monopolar (only one foci) mitotic spindles.
51necessary to maintain genetic integrity during mitosis. 108Disruptions of MCAK show minimal defects in bipolar
52 Depletion and mutational analysis of several Kin-I 109spindle assembly and predominantly result in the
53kinesins has offered some insight into the role of MT 110formation of abnormally long spindle MTs [29,32,36,37].
54depolymerizers and has prompted several investigators to 111These data indicate that a subset of depolymerizing
55propose some insightful and intriguing models. Notably, 112kinesins has a significant role in bipolar spindle formation
BBrecent studies suggest that there might be a division of 113during mitosis.

57labor between centromeric (MCAK, Klp59C) and 4Pl moior

58centrosomal (Kif2A', Klp IQA) depolymerizers  in 115Downregulation of Klpl0A, the Drosophila Kin-I, results
59chromosome segregation and spindle assembly [8,32]. 18l sn incrente i MIs & the oeniitlomes And In




1significantly inhibited translocation of chromatids towards
2the spindle poles [8]. These data, coupled with time-lapse
3microscopy, suggest that KlplOA has a role in
4depolymerizing MTs at their pole-associated minus ends,
Sresulting in the movement of chromatids via ‘poleward MT
6flux’ (Figure 2b).

7Compensatory and cooperative mechanisms of MT

8depolymerization

9Although closely related structurally, the three
10mammalian Kin-I kinesins — Kif2A, Kif2B and Kif2C
11(MCAK) - have distinct functions. Originally, Kif2A was
12thought to have primarily a neuronal role [38]; however,
13Santama et al. [39] have demonstrated that a splice
14variant of Kif2A (now called Kif2Ap) is present in dividing
15mouse cells (early developing hippocampus cells and
16fibroblasts). (Notably, a testis-specific splice variant of
17human MCAK has been also identified [40].) Kif2Af has a
18key role in bipolar spindle assembly in cultured mitotic
19human cells [32]. At present, the role of Kif2B is unknown,
20but Kif2Ap and MCAK work in concert to support cell
21division with reliable integrity [32]. Additional cooperative
22mechanisms have been observed in syncytial blastoderm
23stage Drosophila embryos, in which two of the three Kin-I
24MT depolymerizers show a cooperative relationship during
25mitosis [8].
26 KlplOA, the probable Drosophila homologue of Kif2Af
27(on the basis of localization, activity and sequence
28homology), is implicated in poleward MT flux (Figure 2b),
29a process that was originally described by Mitchison [41].
30Conversely, the activity of Klp59Cs is implicated in
31chromosome-to-pole movement (Figure 2b). Klpl0A
32depolymerizes MTs at their pole-associated minus ends,
33whereas Klp59C is primarily active at kinetochore MT
34plus ends [8]. Thus, the localization of Kin-I kinesins to
35specific regions in the mitotic spindle can dictate their
36function (Figure 2 and Table 1).
37 An analogous situation might occur in the yeast
388S. cerevisiae, in which the kinesin motors Kip3p and
39Kar3p have both been shown to contribute to positioning
400f the mitotic spindle, assembly of the bipolar spindle and
41structural integrity of the spindle. Kar3p shows genetic
42and some biochemical evidence for depolymerizing activity
43(6,42,43). Deletions of Kip3p, the protein found to be most

61(5,29], whereas Klp59C localizes only to centromeres [8].
62In general, Kif2AB and Klpl0OA seem to operate more
63centrosomally, whereas MCAK and Klp59C seem to
64function more centromerically. In this way, their
65subcellular distribution contributes to the control of Kin-I
66activity. To achieve the intricate interplay of motors to
67support cell division, however, additional regulatory
68factors are warranted.

69Regulation of Kin-l kinesins

70The studies described above illustrate how the spatial
71distribution of Kin-I kinesins might control MT-
72depolymerizing activity by localizing it to specific
73subcellular regions. However, the intrinsic MT-
74depolymerizing activity of MCAK can be also post-
75translationally regulated.

76Phosphorylation of MCAK

77Phosphorylation of MCAK by Aurora B kinase (which is
78highest during mitosis) inhibits the depolymerizing
79activity of MCAK in both cultured cells and Xenopus egg
80extracts [44-46]. The phosphorylation sites that have been
81identified are highly conserved between human and
82Xenopus MCAK. Some of these sites are on the conserved
83neck domain, suggesting that the disruption of
84electrostatic interactions between the positively charged
85neck and the negatively charged surface of the MT is
86likely to be the mechanism of inhibition. This activity
87seems not only to affect the depolymerizing activity of
88MCAK, but also to reflect its sequestration to different
89parts of the mitotic centromere [44]. In turn, this
90sequestration might reflect an enhancement or
91antagonism of its activity because it causes the motor to be
92placed closer to or further away from the site of MT
93attachment.

94 Aurora B colocalizes with MCAK in chromosomes that
95are unattached or ‘mono-oriented’ (attached to only one
96spindle pole; Box 2) during prometaphase in mammalian
97cells [44]. In Xenopus egg extracts, colocalization is seen at
98mitotic centromeres, spindle midzones and midbodies [45].
99Throughout mitosis, the extent of colocalization seems to

100decrease as a result of MT attachment and tension on the
101chromosomes.
102(phosphospecific) and non-phosphospecific antibodies label

Both phosphorylation-specific

103centromeres, suggesting the presence of centromeric
104binding sites for both forms of MCAK. In addition, the
105intensity of the phosphospecific staining is consistently
106asymmetric  [44,45]. These data suggest that
107phosphorylation has a role in regulating MCAK activity
108during the capture and bi-orientation of kinetochores.

44similar to the vertebrate Kin-I proteins, results in extra
45long pre- and post-anaphase spindles. In addition, the
46Kip3p Kar3p double knockout is lethal [6].

47 The distribution of Kin-I kinesins in the cell indicates
48specific roles for their depolymerizing activity. So far this
49activity has been noted mostly on centromeres and
50centrosomes of mitotic cells. In Drosophila, Klp10A and 109 Distribution of MCAK in the centromere and kinetochore
51Kl1p59C might partially share the role of mammalian and 110In addition, the location of MCAK on the mitotic
52Xenopus MCAK in that their combined subcellular 111centromere might be involved in regulating its activity.
53distribution mimics that of MCAK. Alternatively, a third 112Placement of the motor in varying proximities from the
54as yet uncharacterized Drosophila Kin-I kinesin, Klp59D, 113point of MT attachment can alter its effects on the MT
55seems to have arisen from a duplication of the Klp59C 114[5,30]. It has been reported that the localization of MCAK
56gene and could be a candidate for sharing a role with 115is flexible and that MCAK can appear in various places on
57Kl1p59C. At present, no functional information is available 116the centromere and kinetochore (Figure 3b and Box 2),
58on this kinesin. The activity of MCAK seems to extend 117depending on tension and chromosome movement [30,35].
59beyond that of Klp59C. Its disruption also results in long 118 Further evidence suggests that MCAK might possess
60spindle MTs [29,32,36,37] and it localizes to spindle poles 119distinct centromeric binding sites and its localization



1might depend on phosphorylation. Overexpression of a
2mutant mimicking phosphorylated MCAK results in
3consistent localization of MCAK to the inner centromere.
4By contrast, a non-phosphorylatable mutant is targeted to
Sthe outer face of the kinetochore, closer to the site of MT
Battachment, suggesting that phosphorylation has a role in
7targeting MCAK to the inner centromere. An interesting
8hypothesis is that dephosphorylation, perhaps mediated
O9by protein phosphatase 1y [47] enriches the outer face of
10the kinetochore with activated MCAK; this subset of ‘outer
11face’ MCAK is required during all stages of mitosis [44].
12All centromere-associated MCAK would then be fully
13activated (dephosphorylated) at anaphase when Aurora B
14relocates from the centromere to the spindle midzone
15[48,49].
16 Another attractive hypothesis that follows from this is
17that localization of MCAK to the inner centromere,
18coupled with the reduction of its activity, promotes MT
19attachment while allowing MCAK to function moderately
20as a corrector of attachment errors. Localization on the
21outer kinetochore region might restore its full activity and
22enable it to take on another role as an anaphase
23depolymerase or an oscillation suppressor. Thus, the
24change in phosphorylation might contribute to the ability
250f MCAK to support many different roles during mitosis:
26spindle maintenance, correct attachment of MTs to the
27kinetochore, bi-orientation of kinetochores, alignment at
28the metaphase plate, and subsequent separation of sister
29chromatids. Defects in all of these processes have been
30reported in studies of the disruption of MCAK activity
31[30-32,35]. It is likely that the predominantly centrosomal
32KIp10A and Kif2AB also encounter regulation by
33phosphorylation, perhaps dependent on centrosomal
34Aurora A, which is localized primarily on centrosomes
35during mitosis [50].
36 Evidence that regulatory binding occurs on different
37sites of the centromere and kinetochore provides potential
3B8explanations for the varying degrees of phenotypes
39resulting from dominant-negative experiments. Disruption
400f endogenous MCAK by expressing exogenous motorless

61in vitro. Furthermore, ICIS associates with MCAK in
62immunoprecipitations and its localization to the
63centromere is dependent on MCAK. It has been suggested
64that the MCAK-ICIS complex at the centromere might
65function, in concert with Aurora B, to prevent attachment
66errors between kinetochores and MTs during
67prometaphase and metaphase [52].

68MCAK: the multitasking mitotic kinesin

B69MCAK seems to possess global activity throughout mitosis
70from spindle assembly and maintenance [29,36,37] to
71chromosome positioning and segregation [30,31,35).
72Recent studies are just beginning to dissect how each of
73these tasks is controlled, in particular, at the centromere
74and kinetochore. Localization of the motor to specific
75regions of the centromere and kinetochore might be a
76method by which MCAK activity is regulated or a
77reflection of its activation.

78 Elucidating how centromeric MCAK is localized to
79different domains in the centromere will be essential to
80our understanding of its function during mitosis.
81Presumably, tension and stretch on the kinetochore, as
82well as MT attachment, contribute to this subcentromeric
83localization, because MCAK shows an asymmetric
84distribution across the centromere during prometaphase
85(a dynamic time during mitosis) [30,35]. Mechanical
86strain, phosphorylation and interacting proteins are all
87likely to be principal regulators of the localization and
88activation of MCAK. These layers of complexity could
89confer broad functional diversity on Kin-I kinesins.

90MCAK and cancer

91Determining how the cellular activity of MCAK 1is
92regulated is proving to be complex. Overall expression
93levels of the protein have been observed to increase as
94cells progress toward mitosis [51,53]. This observation is
95consistent with the fact that MCAK activity is required
96during the division phase of the cell cycle, when reordering
970of the MT cytoskeleton is most marked.

98 Increased levels of both MCAK and Aurora kinases
99have been correlated with tumorigenesis [54]. Because

41constructs of MCAK causes lagging chromosomes but no 100these proteins are normally upregulated [51,53] and
42prometaphase defects [30,51], whereas disruption by 101highly active [50,55] as cells progress toward mitosis, an
43expressing exogenous N-terminal domains of MCAK 102increase in their levels in tumor cells might reflect or
44results in prometaphase and congression defects [31,35]. 103promote the readiness of these cells to bypass checkpoints
45These disruptive constructs localize to distinctly different 104and enter cell division. Also notable is that overexpression
46areas: the motorless variant to the inner centromere, the 1050f Aurora kinases can transform cells in culture [50]. In
47N-terminal domain to the kinetochore. As Andrews et al. 106addition, overexpression of MCAK causes a moderate
48[44] have demonstrated, disruption of activity on different 107increase in the frequency of multipolar spindles [37] and
49parts of the centromere or kinetochore might result in 108monopolar spindles [56], which could contribute to the
50different phenotypes because the position of MCAK in this 109gain or loss of chromosomes in daughter cells.

51region seems to regulate its activity. 110 Disturbances in the levels and deregulation of Kin-I
111kinesins could have profound effects on chromosome
112segregation, tumor progression and resistance to
113chemotherapeutic reagents. Traditionally, some of the
114most efficacious cancer drugs (such as Taxol™, Taxotere™,
115eleutherobins, epothilanes, laulimalide, sarcodictyins and
116discodermoide, which promote MT stability; and Vinca
117alkaloids, cryptophycis, halichondrins, estramustine and
118colchicines, which inhibit tubulin polymerization) target,
119in part, dynamic MTs [26,57,58]. Thus, the Kin-I kinesins

52Enhanced activity mediated by cofactors

53Recently, an important new cofactor for Kin-I function has
54been identified: inner centromere Kin-I stimulator (ICIS).
55During prometaphase and metaphase, ICIS is seen on
56inner centromeres, coincident with MCAK and Aurora B.
57Inhibiting ICIS activity in Xenopus extracts results in
58enhanced MT growth and inhibits spindle formation [52].
59Biochemical assays suggest that ICIS binds MTs directly
60and stimulates the MT depolymerase activity of MCAK



1represent an important future target for anticancer 64

i 65
2therapies. 66
3Concluding remarks gg

4Biochemical, microscopic and crystallographic data have 69
Sidentified  fascinating mechanisms that enable 7q
6depolymerizing motors to target their high-affinity binding 71
7sites on the MT end. Moreover, they have provided the 72
8initial indications of how these motors destabilize terminal 73
9tubulin dimers. Depolymerizing kinesins are crucial to the 75
10cell because they support the reorganization of the MT 7g
11cytoskeleton — an essential component of mitosis. 77
12Although much remains to be discovered, the role of 78
13MCAK and other Kin-I kinesins during mitosis is 79
14becoming clearer, and potential compensatory and 81
15cooperative mechanisms are being identified. 82
16 The regulation of MT dynamics is essential for 83
17maintaining genomic integrity, and several factors have 84
18been recently identified that support the regulation of gg
19MCAK, including  phosphorylation,  intracellular g7
20positioning and cofactors. Phylogenetically, it seems that 88
21the relatively small class of depolymerizing kinesins [4] 89
22might have evolved from a progenitor kinesin with 90
23motility directed towards the plus end [59,60]. g;
248pecializations that permit kinesins to regulate MT g3
25dynamics spatially confer on them an essential role in 94
26modulating cell shape, cell motility and cell division. 95
27 MCAK, one of the founding members of the Kin-I family 96
280of kinesins, has been studied from the cellular to the gg
29structural level and has been shown to be a potent MT gg
30depolymerase and a crucial participant in chromosome 100
31segregation during mitosis. Although much has been 101
32gained from these studies, many questions still remain. 105
33Does MCAK show any motility along the MT lattice? What 18 4
34is it about the motor and neck of MCAK that make this 105
35protein uniquely a depolymerizer? What are the structure 106
36and function of the N- and C-terminal domains of MCAK? 107
37What is MCAK doing at the centrosomes? What are the
38main consequences for the cell when MCAK levels are 44
39misregulated in primary cells? Does the upregulation of 111

41tumors to Taxol™ treatment? Further investigations into 11
42depolymerizing motors are warranted at all levels: from 1 }
43structural to cellular to clinical. 11
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2F|guro 1. Proposed mechanism of mitotic centromere-associated kinesin (MCAK)-mediated depolymerization. (a) Crystal structures of Murine Kif2C (MCAK) show that
3the motor domain has several distinct regions that confer a convex conformation to the protein. (b) In this conformation, the motor is unable to lie flat on the surface
4 of the microtubule (MT) and might diffuse along the lattice until it reaches an MT end. (c) The conformationally distinct curvature of the MT end might conform to the

g g g

Sconcave shape of the motor and promote tight coupling and ATP hydrolysis. (d) MCAK binds tightly to the MT end in the presence of ATP. ATP hydrolysis might then
6promote active dissociation of the terminal tubulin dimer from the MT or its release from the motor. (e) Pr ive and non-pr ive models show how,
7-ubtequenlly, MCAK might be recycled to perform several rounds of depolymerization. This model is consistent for both plus (+)- and minus (-)-end depolymerization
8because both ends exhibit curved terminal tubulin dimers.
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TRENDS in Cell Biology
1 1Flgur. 2. Localization of mitotic centromere-associated kinesin (MCAK) during mitosis and the role of microtubule (MT) depolymerizers. (a) A human primary
12fibroblast cell in metaphase, labeled with antibodies for MCAK (green) and tubulin (red), and stained for DNA (blue). MCAK is localized to centromeres and
13centrosomes. Scale bar, 5 um. (b) Model showing how depolymerizing motors might function at the centromere and centrosome. Motors at the centromere might
14/chew’ away at MTs and move the chromatids poleward as they shorten the MTs. Motors at the centrosomes or spindle poles might chew away at MTs and reel the
15chromatids in towards the pole (analogous to reeling in with a fishing rod). This process is termed ‘poleward MT flux’,
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1 g
2F|gun 3. Centromere and kinetochore morphology of mono-oriented and bi-oriented chromosomes. (a) Distinct morphology of the centromere and the mitotic
Bkinetochore during periods of high (bi-orientation) and low (mono-orientation) tension. During high tension, kinetochores (blue) are markedly further apart and the
4 centromeric region (red) is stretched. (b) Apparent differences in protein localization during microtubule attachment and stretch across the kinetochores. Two
Schromosomes, one mono-oriented and the other bi-oriented, were imaged from the same prometaph cell. Colocalization of mitotic centromere-associated kinesin
B(MCAK; red) and Aurora B (green) seems to change with respect to tension across sister kinetochores, as judged by ACA (CREST) staining for kinetochores (blue).
7 This suggests that the localization of MCAK might be dynamic across the centromere. Reproduced, with permission, from Ref. [44].

8Box 1. Microtubule dynamics and microtubule-associated proteins

9Microtubules (MTs) are dynamic polymers [61] that comprise a major portion of the cytoskeleton. Composed of tubulin heterodimers (a- and p-
10tubulin), they assemble first longitudinally to form protofilaments and then cylindrically to form a 13-filament tube. MTs have an inherent
11 polarity: the exposed B-tubulin end is called the ‘plus end’ and the exposed a-tubulin end is called the ‘minus end’ [62] (Figure I). During periods
120f MT growth, the tubulin heterodimers are bound to GTP and straight. During periods of shrinkage, they use the energy derived from GTP
13hydrolysis to assume a bent conformation that destabilizes MTs from their ends [27,28]. The minus ends of most cellular MTs are anchored to a
14structure called the centrosome. The surface (or ‘lattice’) of the MT is negatively charged, which supports electrostatic interactions with
15associated proteins [7,19].
16  MTs markedly reorder throughout the life of the cell to support cellular functions such as modulation of cell shape, cell motility [63] and cell
17 division [64-66]. One such major reorganization takes place during mitosis when MTs form a bipolar structure termed the ‘spindle’ to support
18the accurate division of duplicated chromosomes (Figure I). The organization of this structure is mediated by numerous motor proteins such as
19those of the kinesin family [11,66,67]. Some of these motors generate force and position the mitotic spindle, including KlpA/ncd [43,68), BimC
201868, Eg5 [69] and CHO1 [70]; some position chromosomes such as CENP-E [11,70], chromokinesin [11,70] and Xkid [11]; and some
21depolymerize MTs, for example, mitotic centromere-associated kinesin (MCAK) [11], Kip3p [43], KIp10A [8] and KIp59C (8], to name a few.
22 The motility of these kinesins is predicted by the position of their motor domain. Amino-terminally located motor domains (Kin-N) tend to
283indicate motility directed to the plus end. Carboxy-terminally located motor domains (Kin-C) tend to indicate motility directed to the minus end.
24internally located motor domains (Kin-l) tend to possess depolymerizing capabilities. MT depolymerizers such as MCAK rapidly destabilize MTs
25from their ends (Figure 1). Cooperation between numerous members of the kinesin motor family, as well other proteins, enables the MT
26cytoskeleton to reconfigure in response to various cellular needs.
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29Flgun I. Microtubule (MT) assembly and MT dynamics during cell division. The left panel shows the assembly of an MT, from its individual tubulin heterodimers to
30its cylindrical structure. Some kinesin motors travel along the MT surface in the plus (+)- or minus (-)-end direction, whereas others depolymerize MTs from their
31ends. This is dictated largely by the position of their motor domains. The right panel shows how MTs are drastically re-ordered during mitosis to support the accurate
32.ogroga(ion of genetic material.

33Box 2. An in-depth look at the kinetochore and centromere of a mitotic cell
34The kinetochore is the site of microtubule (MT) attachment to the chromosomes (Figure ). Once the chromosomes establish connections to
35MTs, they oscillate back and forth, creating and breaking MT attachments until they are correctly bi-oriented. Paired sister chromatids must



1capture MTs emanating from their respective poles and maintain a bi-orientation [62]. This process is error prone and misconnections are often
2made during early stages of mitosis. Merotelic attachments arise when one sister chromatid is attached to both poles, whereas syntelic
3attachments occur when both sister chromatids are connected to one pole (Figure |). These erroneous attachments can be detrimental to the
4cell because they can cause the loss or gain of chromosomes in one or both daughter cells in a process known as ‘aneuploidy’, which is one of
Sthe principal causes of tumorigenesis [71]. Fortunately, the cell has many safeguards against aneuploidy.
6 The kinetochore consists of three distinct ‘plates’ and a fibrous outer region called the ‘corona’ (Figure I). This complex assemblage
7 coordinates MT attachment with movement and MT dynamics [62]. Numerous motors and other MT-binding proteins have been identified on
8the centromere and kinetochore, and their function is to ensure that chromosomes are correctly bi-oriented and segregated into daughter cells
9110,11,67). The kinetochore also associates with ‘checkpoint’ proteins that translate biophysical measures of bi-orientation such as MT
10attachment and tension into a biochemical signal that the cell can read to determine when to enter anaphase. Disturbances in the activity,
11distribution or expression of these proteins can cause detrimental or lethal consequences to cells and the organism.
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14Flgun I. The kinetochore, the centromere and microtubule (MT) attachment. Many err MT hments can arise as chromosomes seek bi-orientation and

1 5nlignmem at the metaphase plate. These attachments include merotelic (one sister chromatid attached to both poles) and syntelic (both sister chromatids attached to
Bone pole) attachments. Fortunately, many motors are distributed throughout the centromere and kinetochore to correct these mal-attachments and promote the
7 acourate segregation of genetic material during mitosis.
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Table 1. MT-depolymerizing motors: localization, knockout phenotype and proposed mechanism®

MmKit2C, XIXKCM1)

DmKip10A
DmKIp59C
MmKIif2AB, HsKif2Ap

®Kip3 family (ScKip3p, SpKlps,
SpKipé)

midbodies; cytoplasm

Centromeres until anaphase;
spindle poles

Centromeres

Centrosomes, spindle MTs at
spindle pole

syntelic connections; increased

Depolymerizing kinesins Localization during mitosis Knockdown and dominant-negative Presumed role during mitosis References
phenotypes
Vertebrate MCAK (CgMCAK, Centromeres; spindle poles;  Lagging chromosomes; merotelic and ~ Correct merotelic connections during [8,29—

prometaphase; anaphase 31,35-37]

chromatid oscillations at anaphase; long depolymerase; suppresses anaphase

spindles; partially separated spindle
poles

Monopolar spindles; long bipolar
spindles; unaligned metaphase plate;
slow anaphase poleward movement
Unaligned metaphase plate; abnormal
anaphase segregation; slow chromatid
to pole movement during anaphase
Monopolar spindles

oscillations; mitotic spindle assembly
and maintenance

Minus-end depolymerase; promotes [8]
poleward chromatid movement via
MT flux

Plus-end MT depolymerase;
promotes poleward chromatid motility
via the ‘Pac-Man™" method

Bipolar spindle assembly

(8]

132]

Cytoplasmic MTs; spindle MTs; Cytoplasmic MTs do not enter bud; long Spindle assembly and maintenance; [6,11,34,43]

spindle midzone in late
anaphase

metaphase and telophase spindles;
stable cytoplasmic MTs; delay in
anaphase exit

destabilization of cytoplasmic and
nuclear MTs

*ScKar3p Spindle pole bodies; nucleus, Longer cytoplasmic MTs Crosslinking antiparallel MTs; spindle [6,11,43]
spindle assembly and maintenance; spindle
positioning; destabilization of
cytoplasmic and nuclear MTs
*DmKIp67A Long MTs; enlarged spindle; curved Centrosomes separation; [9]
spindies chromosome segregation; central
spindle assembly; MT disassembly
°PfKin-| [7,20]
‘MmKif2B [4]
‘DmKIp59D [8]
“Abb ions: Cg, Cricetulus gri: ; Dm, Drosophil lanog ; Hs, Homo sap MCAK, mitotic centromere-associated kinesin; Mm, Mus musculus; MT, microtubule; Pf,
Plasmodium falciparum; Sc, Sacch isiae; Sp, Schi. h yces pombe; X1, Xenopus laevis.

"These kinesin motors show some sequence homology and/or functional activity that resembles that of well-characterized depolymerizing Kin-I kinesins; so far, however, data to
determine whether they affect MT depolymerization directly or indirectly are still preliminary.
“So far, these Kin-| kinesins have not been implicated in mitotic activity.
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Introduction

MCAK is a member of the Kinl/MCAK/kinesin-13 (Lawrence, 2004) family of
depolymerizing kinesins. Previous studies have implicated MCAK in the regulation of
microtubule (MT) dynamics during interphase and mitosis and in ensuring proper
chromosome segregation during mitosis. MCAK is a potent depolymerase of stabilized
MTs (Desai et al., 1999; Hunter et al., 2003) and strongly increases the catastrophe
frequency of dynamic MTs in vitro (Newton et al., 2004). MCAK is the most potent MT
depolymerizer that has yet been identified (Ogawa et al., 2004; Tournebize et al., 2000).
MCAK displays extremely high affinity for MT ends, yet its localization to ends in fixed
cells is intermittent at best. For, these reasons we imaged live cells transfected with levels
of GFP or RFP-MCAK that do not appreciably disturb the overall MT polymer level.
When imaged in this manner, MCAK is observed to track with polymerizing MT tips.

A number of proteins exhibit the unusual property of targeting and treadmilling (tracking)
along polymerizing microtubule (MT) ends. The two most well characterized of these are
members of the Clip-170 and Eb1 families (reviewed in (Carvalho et al., 2003)). Thus
far, all known treadmilling tip proteins exhibit microtubule stabilizing activity. For this
reason, it is remarkable that the potent microtubule depolymerase, MCAK, tracks the tips
of polymerizing microtubules. MCAK strongly co-localizes with EB1 suggesting that
EB1 (and possibly other tip tracking proteins) opposes MCAK activity at the tip until
preferentially lost. MCAK’s tip tracking is dependent on phosphorylation which may
regulate the association of MCAK with free tubulin dimers and thus the ability to localize
to polymerizing MT ends.

Results and Discussion

When fluorescent MCAK is expressed in live cultured cells at levels that do not
significantly alter microtubule polymer levels, MCAK can be detected on microtubule
lattice and in obvious densities on microtubule tips (Figure 1). Time-lapse imaging shows
tips polymerizing toward the cell edge (tracking) in a manner identical to that seen with
GFP-EB1 (Figure 1, arrows). In fact the MCAK tip densities are perfectly coincident
with GFP-EBI1 in living cells (Figure 2A, A’). Surfing of MCAK on microtubule tips is
not dependent on a functional motor domain as it can be seen clearly in cells transfected
with GFP-ML-MCAK (Figure 2B), a construct in which the 350kD motor domain has
been removed and the N-terminal domain of MCAK fused directly to the C-terminal
domain (Maney et al., 1998). A mutant of MCAK that contains three point mutations in
the motor domain rendering the protein inactive with respect to depolymerizing activity
(GFP-hypir-MCAK) also exhibits tip surfing. Tip localization and surfing is seen in
either interphase or mitotic cells (Figure 2C). To summarize, MCAK is found on the tips
of polymerizing microtubules in both interphase and mitotic cells and this localization is
not dependent on a functional motor domain. This is a striking observation because
MCAK has been previously shown to be a potent depolymerizer of microtubules (Desai
et al., 1999; Hunter et al., 2003). Therefore, to see MCAK on the tips of polymerizing
microtubules suggests that MCAK’s depolymerizing activity is inhibited on tips.




We were interested to determine whether other known microtubule depolymerizing
proteins are present on microtubule tips. Because the localization of proteins to
microtubules is variable when fixed, we assayed a number of proteins fused to GFP in
living HeLa cells. The results of those experiments are summarized in Table I. GFP-
proteins were assayed for association with the microtubule lattice, with tips and assayed
in living cells by time-lapse imaging for tip tracking. As described above, GFP-MCAK,
GFP-ML-MCAK and GFP-hypir MCAK associated with tips and also exhibited tip
tracking. Both GFP-ML-MCAK and GFP-hypir-MCAK exhibited less interaction with
microtubule lattice despite a strong interaction with tips. This is consistent with our
previous results suggesting that MCAK hydrolyzes ATP on the lattice and this increases
the dwell time of active motor on the lattice (Moore and Wordeman, 2004). An active
phospho-mutant of MCAK (GFP-AAAAA-MCAK) also exhibited robust tip tracking. In
this mutant all of the sites known to be phosphorylated by Aurora B kinase have been
mutated to alanine (Andrews et al., 2004). Significantly, a phospho-mimic mutant of
MCAK (GFP-EEEEE-MCAK) showed no tip tracking even though this protein is
capable of weak interactions with the microtubule lattice (Table I, Figure 3A). This result
is counterintuitive because previously phosphorylation has been demonstrated as a
mechanism for inactivating MCAK’s depolymerizing activity (Andrews et al., 2004; Lan
et al., 2004; Ohi et al., 2004). The fact that GFP-EEEEE-MCAK does not decorate the
tips of polymerizing microtubules and GFP-AAAAA-MCAK does suggests that
phosphorylation is not the means by which MCAK is inhibited on tips of polymerizing
microtubules.

GFP-EB1 showed robust tip tracking as described in Figure 2. We also tested two other
Kin I/kinesin-13 kinesins: Kif2Aa and Kif2AB. Both proteins exhibited significant
depolymerizing activity when overexpressed. However, these proteins were not found
tracking on microtubule tips. Because MCAK and Kif2Ao/Bshare high amino acid
identity within the neck+motor domain we tested whether MCAK'’s minimal full strength
depolymerization domain (neck+motor (Maney et al., 2001; Ovechkina et al., 2002)) was
capable of tip tracking. As can be seen in Table I, neither the core motor domain or the
motor+neck domain were capable of tip tracking. This suggests that tip tracking may
depend on more divergent domains outside of the neck+motor domain. It is interesting
that although the Aurora B consensus phosphorylation sites appear to be conserved
between all the Kinl/kinesin-13 family members (Andrews et al., 2004), the protein
sequence surrounding the conserved phosphorylation sites are quite divergent between
MCAK and Kif2Aa/B. This implicates the N-terminus of MCAK, particularly the region
surrounding the Aurora B/Ipll phosphorylation sites in associating with tubulin in a
phosphorylation-dependent manner.

We tested several other phosphorylation-dependent regulators of microtubule dynamics.
Neither GFP-stathmin (Marklund et al., 1996), GFP-ch-TOG (Charrasse et al., 1998) or
GFP-ICIS (Ohi et al., 2003) was found to be tracking on microtubule tips. This suggests
that MCAK is the only microtubule depolymerizer that tracks on the tips of polymerizing
microtubules. GFP-APC decorated microtubule tips did not exhibit the same distribution
or dynamics as those decorated with MCAK or EBI. Instead tips exhibited aperiodic
bending previously described in (Dayanandan et al., 2003).




Because the tip tracking behavior of MCAK was dependent on phosphorylation we
observed the behavior of endogenous MCAK in the presence of the kinase inhibitor
Roscovitine. CHO cells were incubated in either DMSO or 10 mM Roscovitine in DMSO
for five hours and then fixed and labeled for endogenous MCAK and microtubules
(Figure 3B top and bottom, respectively). After five hours of Roscovitine treatment
endogenous MCAK exhibited significantly greater association with microtubule tips. The
total amount of microtubule polymer was not affected. This was not surprising as the
levels of Roscovitine used are capable of inhibiting a number of kinases (Meijer et al.,
1997) and it would be impossible to predict the overall effect on all microtubule
modulators. Nevertheless, the redistribution of endogenous MCAK was striking (Figure
3B, bottom). We performed time-lapse imaging of GFP-MCAK transfected cells in order
to confirm that MCAK was tracking with tips in the presence of Roscovitine (Figure 3C).

Tip tracking has not proved to be amenable to study with purified proteins in vitro as it is
not seen in stabilized microtubules and it is difficult to assay using living microtubules in
vitro. Therefore, to explore the mechanism of phosphorylation-dependent tip tracking of
MCAK we assayed the ability of tubulin to compete with MCAK’s weak association with
microtubule lattice in the absence of ATP. Previously we have found that free tubulin
dimer can compete MCAK off of the microtubule lattice in the absence of ATP (Moore
and Wordeman, 2004). Furthermore, (Newton et al., 2004) have hypothesized that
MCAK is capable of sequestering tubulin in the absence of ATP hydrolysis. We mixed
purified MCAK protein with paclitaxel-stabilized microtubules in the absence of ATP.
Both unphosphorylated MCAK and MCAK which has been phosphorylated using
Ipl1/Sli15 associate preferentially with microtubule lattice (Figure 4A, lanes 3 and 5).
However, in the presence of free tubulin, unphosphorylated MCAK is partially competed
off of stabilized microtubules and remains in the supernatant after the microtubules are
pelleted (Figure 4A, lane 4). Phosphorylated MCAK cannot be competed off of
microtubule lattice with free tubulin (Figure 4A, lane 6). This demonstrates that MCAK’s
interaction with free tubulin is dependent upon the phosphorylation state of the protein.
How this relates to the mechanism of tip tracking and regulation of microtubule dynamics
by MCAK is illustrated in Figure 4B. Phosphorylated MCAK is unable to interact with
free tubulin and is also unable to track on microtubule tips. This suggests a model for tip
tracking of EB1 and MCAK in which the microtubule is insensitive to the effects of
MCAK as long as sufficient EB1 is associated with the tip. Although both EB1 and
MCAK are lost slowly from the lattice, MCAK remains loosely associated with the
lattice but capable of initiating microtubule depolymerization via lattice priming (Moore
and Wordeman, 2004) or diffusional motility to the terminal dimers at the tip (Hunter et
al., 2003). Although MCAK is the only depolymerizer assayed that we have found to
track to tips, other treadmilling tip tracking proteins such as CLIP-170 may also
contribute to the balance of catastrophe and rescue at the microtubule tip.

MCAK is the sole identified microtubule depolymerizer that tracks on microtubule tips.
Neither stathmin or either splice variant of Kif2A were able to track on microtubule tips.
It is interesting that Kif2Aa/p is both unable to track on tips and is also a weaker MT
depolymerizer in vivo (KE Rankin and L Wordeman, unpublished, (Ogawa et al., 2004)).



It is unlikely that MCAK and Kif2A differ markedly in their mechanism of MT
depolymerization. Therefore, we predict that MCAK has a second, non motor-dependent
tubulin binding site. This site may weakly anchor MCAK to the lattice and increase its
MT depolymerization rate via “lattice priming”(Moore and Wordeman, 2004). Kif2Ao/p
may lack this binding site or may interact with different proteins in a phosphorylation-
dependent manner via this region.

Previously, it has been shown that MCAK'’s activity and sub-centromeric distribution is
regulated by phosphorylation by Aurora kinase (Andrews et al., 2004). Phosphorylated
MCAK is preferentially localized to the inner centromere while de-phosphorylated
MCAK is preferentially localized to the distal face of the centromere. Phosphorylation
significantly inhibits MCAKSs activity and we show here that phosphorylation also
eliminates the tip tracking behavior of MCAK. Furthermore, tip tracking of endogenous
MCAK is enhanced by short incubations in the kinase inhibitor Roscovitine. Although
the motor domain of MCAK has been shown to preferentially associate with microtubule
ends (Desai et al., 1999; Hunter et al., 2003), tip tracking is not dependent on the
presence or activity of the motor domain. Instead, the N-terminal conserved
phosphorylation sites which inhibit MCAK’s MT depolymerization activity and targeting
to the outer face of the kinetochore when phosphorylated (Andrews et al., 2004). Tip
tracking along kinetochore microtubules by de-phosphorylated MCAK may be the
mechanism by which active de-P MCAK localizes to the outer centromere during
mitosis.

Materials and Methods
Constructs

EGFP-cgMCAK (pYOY152) was prepared by pasting a Bspel-HindIII fragment of
pYOY71 (Ovechkina et al., 2002) into pEGFPC1 (Clontech). EGFP-ML-cgMCAK
(pYOY154) was prepared originally from GFP-ML-MCAK (Maney et al., 1998). A
Bspel-HindIII fragment was subcloned into pEGFPC1 (Clontech). EGFP-hypir-cgMCAK
(pYOY 153) consists of a HS30A, R534A, K537A mutations engineered by overlapping
per (pYOY 146) and cloned into pEGFPC1.

EGFP-mmStathmin (pMX666) was

EGFP-hsch-TOG (pMX114) was pasted from ch-TOGp, a kind gift of Dr. Christian
Larroque (INSERM, France) into EGFP-C1.

Kif2aa (GenBank D12644) and Kif2af (GenBank Y 15894) cDNA plasmids were a gift
of N. Santama. The coding regions were amplified by PCR, and cloned into pEGFP-C1
to generate pMX155 and pMX156, which were sequenced to confirm expected
structures. EGFP-APC was a kind gift of Dr. Rina Arbesfeld (Tel Aviv University).
EGFP-EEEEE-MCAK (pYOY177) and EGFP-AAAAA-MCAK (pYOY178) were
prepared as described in (Andrews et al., 2004). The ECFP gene was deleted from
pECFP-N1 (Clontech) by digestion with BamHI and Notl, blunt end with T4 DNA
polymerase and replaced with a Mlul linker to generate pCMV-MI1. RFP was copied
from pRSETB-mRFP1 (a kind gift of Roger Tsien) by PCR and digested and cloned into
EcoR1 (5’) and BamHI (3’) sites of pYOY152. RFP+MCAK were ligated into pCMV-



M1 to generate RFP-MCAK (pMX188). EGFP-EB1 was a kind gift of Lynne Cassimeris
(Lehigh Univeristy). The 3' end of ICIS was copied from IMAGE clone 4240274 by PCR
to give Xho (5') and BamHI (3') ends and cloned into pEGFP-C1 to generate pMX144.
The 5' end of ICIS was amplified by PCR from mouse brain cDNA with forward primer
CACACTCGAGCTATGAATGATGATAATTCAGATAGGACA and reverse primer
CCTGTTACCTGAGGGTTGGGTGTGTCCTTCATTA. The PCR product and
pMX144 were digested with Xhol and Apall and ligated to generate EGFP-ICIS
(pMX152).

Cell transfection and immunofluorescence

HelLa cells or CHO cells were cultured as described in (Ovechkina et al., 2002). One day
before transfection cells were plated onto either glass bottomed Petri dishes (MatTek
Corp.) for live filming or 12-mm round coverslips for fixed imaging. Cells were
transfected using Lipofectamine (Invitrogen) for 4 hours. HeLa cells were imaged 48
hours after transfection whereas CHO cells were imaged 24 hours post-transfection.
Fixation was performed as described in (Maney et al., 1998) and immunofluorescence
staining using DM1a (Sigma-Aldrich) and sheep-anti-MCAK antibodies was completed
at room temp for 1 hour. Purified cgMCAK protein was prepared as described in (Maney
et al., 1998) and used to immunize sheep (Pocono). Serum was affinity purified using
cgMCAK protein linked to affi-gel (Bio-Rad). Secondary antibodies Texas-Red donkey
anti-sheep and Fluorescein donkey anti-mouse were used at a dilution of 1:40 (Jackson
Immunoresearch).

Live Imaging

Transfected cells were imaged using a Nikon inverted microscope with a cooled CCD
camera (Photometrics) controlled by Metamorph (Universal Imaging) imaging software.
Cells were maintained in CO2-independent media (Gibco) with 10% FBS during
imaging. Temperature was maintained at 36°C using a piezoelectric control system ().
Interphase cells were imaged at 1 frame per 5 sec. And mitotic cells were imaged at 1
frame per 20s. Subsequent analysis was performed with Image J.

Expression and purification of recombinant MCAK, Ipllp and Sli15p

MCAK expression and purification were performed as previously described (Maney et
al., 1998). Ipllp and Slil5p GST fusion plasmids were kind gifts of Dr. Sue Biggins
(Fred Hutchinson Cancer Research Center). Bacteria containing plasmids were grown in
2XTY media with 0.125 mg/ml ampicilin at 37° C until midlog phase. 0.1mM IPTG was
used to induce protein expression at 23° C for 3 hours. Cells were pelleted and
resuspended in cold PBS. Cell lysis was performed with PBS plus ImM EGTA, 1mM
EDTA, ImM PMSP, 1X LPC, and 200ug/ml lysozyme. Upon lysis, KCI was added to a
final concentration of 0.25M and DTT to a final concentration of 15mM. Supernatant was
recovered after centrifugation and added to GST-agarose. GST conjugated protein was
eluted with 50mM Tris pH 8.0, 0.25M KCL, and 5mM reduced glutathione. Pooled
fractions were then dialyzed overnight at 4° C against PBS with 30% glycerol.




In vitro phosphorylation and pelleting assays

Bovine brain tubulin was acquired from Cytoskeleton (Denver, CO). 50uM of tubulin
was added to BRB80 (80mM Pipes, pH 6.8, ImM EGTA, 1mM MgCl,) with 4mM
MgCl,, ImM GTP, and 5% DMSO and incubated for 20 minutes at 37° C. Following the
incubation, MTs were diluted 1:25 in 37° C BRB80 plus ImM DTT and 10uM paclitaxel
(Sigma-Aldrich). Phosphorylation of MCAK was performed by incubating SO0nM of
active MCAK with Sul of Ipllp and 1ul Sli15p in kinase buffer (SOmM Tris-Hcel pH 7.5,
0.1lmM EGTA, 5SmM MgCl,) with ImM DTT, 0.2mM ATP, 1uM Microcystin-LR and
0.3% TritonX-100 for 1 hour at room temperature (25+1° C). Sixteen microliters of the
phosphorylation reaction was incubated with 80ul of MTs at room temperature for 5
minutes and centrifuged in an airfuge at 149,000 x g for 10 minutes. Supernatants and
pellets were assayed for the presence of tubulin and motor on Coomassie stained SDS-
polyacrylamide gels (Invitrogen, Carlsbad, CA). Bands were quantified using NIH Image
1.62.
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Table I: Tip Tracking of Microtubule Proteins in Living Cells

Construct ] Lattice J Tips

| Tip tracking

GFP-MCAK, RFP-MCAK Yes
GFP-ML-MCAK Decreased
GFP-hypir-MCAK Decreased
GFP-AAAAA-MCAK Yes
GFP-EEEEE-MCAK Yes
GFP-Motor+Neck Yes
GFP-Motor No

Yes
Yes
Yes
Yes
No
No
No

Yes
Yes
Yes
Yes

GFPKif2Aa
GFP-Kif2AB

No
No

GFP-EB1 No*
GFP-APC No
GFP-Stathmin No
GFP-ch-Tog No
GFP-ICIS Yes**

*Unless highly over-expressed
**Very strong association with MT lattice




Figure Legends

Figure 1. MCAK exhibits tip tracking behavior in living cells. The edge of an interphase
HelLa cell cotransfected with RFP-MCAK (right) and GFP-tubulin (left). Dual images of
successive 5 seccond time points are shown. Densities of MCAK protein travel distally
toward the edge of the cell with time. (arrows).

Figure 2. MCAK is part of the tip complex of polymerizing microtubules. (A) GFP-EB1
colocalizes with (A’) RFP-MCAK in living cells (arrows). RFP-MCAK is also found on
microtubule lattice in addition to tips (arrowhead). (B) Inactive GFP-ML-MCAK also
exhibits tip tracking in living cells (small arrows). Three successive 5 second time points
are shown.(C) Inactive GFP-hypir-MCAK tracks on tips of astral microtubules in a living
mitotic cell (small arrows). Two successive 20 second timepoints are shown.

Figure 3. Tip tracking of MCAK protein is dependent on phosphorylation. (A) GFP-
AAAAA-MCAK binds to microtubule tips (left) whereas GFP-EEEEE-MCAK is not
found on tips (right). (B) Two fields of CHO cells labeled for endogenous MCAK (B)
and microtubules (B”). The top field of CHO cells are control cells. The bottom field of
CHO cells were cultured for five hours in 10 uM Roscovitine and then fixed. Increased
association of endogenous MCAK with distal ends of microtubules is evident (B, lower;
arrows). (C) The edge of a HelLa cell transfected with RFP-MCAK and cultured
subsequently in 10 uM Roscovitine. The accumulated MCAK protein tracks on tips in
Roscovitine (arrows).

Figure 4. Phosphorylation inhibits the association of MCAK with tubulin dimers. (A) A
coomassie gel showing the distribution of phosphorylated or unphosphorylated MCAK
protein into pellets (P) or supernatants (S) of assembled microtubules in the absence of
ATP. MCAK was phosphorylated with S. cerevesiae Ipl1/slil5. Both species of MCAK
associated preferentially with assembled microtubules in the absence of ATP (lanes 3-6).
Only unphosphorylated MCAK is capable of being partially competed off of polymerized
microtubules by the addition of excess tubulin dimer (lane 4). (B) A model for the
regulation of MT dynamics by MCAK and EB1. Co-assembly of EB1 and MCAK with
tubulin dimers onto the tip inhibits MCAK'’s depolymerization activity. As EB1 leaves
the microtubule lattice, MCAK can prime the microtubule for depolymerization. Tip
tracking may depend on the phosphorylation-dependent ability of MCAK (and EB1) to
associate with tubulin dimers as well as a preference for the structural conformation of
the microtubule tip over the lattice.
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Appendix 8

From: Linda Wordeman <worde@u.washington.edu>
Subject: Re: Aneuploidy in Cortona
Date: July 14, 2004 3:44:51 PM PDT
To: Maurizio Gatti <maurizio.gatti@uniromai.it>

Dear Dr. Gatti,

Below is pasted my abstract for the Aneuploidy meeting in Cortona. If you have any difficulty or
confusion or any questions please let me know. | apologize for the tardiness of this abstract.

Cheers,
Linda Wordeman
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The Influence of Aurora B-regulated MCAK on Oscillatory Chromosome Movement.
Linda Wordeman, Y ulia Ovechkina and Mike Wagenbach. Dept. of Phsiology and Biophysics, University of
Washington, Seattle, WA 98195.

Mitotic Centromere-associated Kinesin (MCAK) is a kinesin-related protein that depolymerizes microtubules
(MTs) from both ends. MCAK is a substrate of Aurora B kinase. Phosphorylation by Aurora B inhibits
MCAK's MT-depolymerizing activity and also influences targeting of MCAK within the kinetochore and to the
tips of interphase microtubules. We have used phospho-mimic and phospho-mutant versions of MCAK to target
the enzyme to specific regions of the kinetochore of mitotic HeLa cells. We have combined these mutants with a
novel mutation within the HYPIR domain of MCAK's motor that inactivates the MT-depolymerizing activity. In
this way we can target inactive MCAK to specific regions within the kinetochore and more precisely define its
role in chromosome movement. We have found that an inactive phospho-mutant of MCAK that preferentially
associates with the outer face of the kinetochore influences pre-anaphase oscillatory behavior and tension within
the centromere. The presence of this mutant slows the speed of chromosome movement. We present evidence that
this is due to loss of coordination between sister-centromeres during oscillatory movement. This argues against a
Pac-man model for MCAK function prior to anaphase (although Pac-man may still operate during anaphase).
Instead our data suggests that MCAK facilitates directional switching during oscillatory chromosome movement.
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On Jul 12, 2004, at 4:10 AM, Maurizio Gatti wrote:
Dear colleague,

We need to finalize the Cortona meeting and would really appreciate if you could
send me your abstract. Please, send me your abstract no later than July 16.

Thank you very much




